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ABSTRACT
1) The breeding biology of Gould’s petrels Pterodroma leucoptera was studied at
Cabbage Tree Island, New South Wales over three successive breeding
seasons from 2000/01. I sought to identify better reproductively performing
individuals and to identify indicators of breeding success through a
physiological and morphological appraisal of adult characteristics.

2) Gould’s petrels exhibit no sex linked plumage dimorphism, however,
knowledge of the sex of both adults and chicks was an integral component of
this study. Blood samples were taken from 209 adults and 206 chicks and a
polymerase chain reaction (PCR) based molecular technique was used to
determine their sex. With the knowledge of the sex of individuals a
discriminant function analysis (DFA) based on several skeletal measures was
developed. The DFA could predict the sex of adults with an accuracy of about
85% and chicks with an accuracy of 66%.

3) Relationships between egg laying characteristics and hatching success were
assessed. Egg laying occurred over a four week period from early November
to early December. Egg volumes ranged from 30-42 ml and averaged
approximately 37 ml in both years. Hatching success was 76% (78 of 102) and
65% (60 of 93) in 2001/02 and 2002/03 respectively. Incubation periods
ranged from 42 to 64 days with an average of approximately 49 days. There
were no significant relationships between either laying date and hatching
success or egg volume and hatching success. There was, however, significant

iii

interyear repeatability in individual laying dates and in egg volumes, and egg
volume significantly influenced hatchling mass and size.

4) The influences of circulating levels of prolactin (PRL) and testosterone (T) on
hatching success were examined. Throughout incubation females tended to
have higher levels of PRL than males. After the onset of incubation, PRL
concentration increased significantly from pre-laying levels of 2.7 ± 0.6 ng/ml
in males and 3.1 ± 0.6 in females to 26.3 ± 0.7 ng/ml and 28.8 ± 0.5 ng/ml,
respectively. PRL levels were significantly higher in breeding pairs that
successfully hatched an egg compared to those whose egg failed to hatch. The
pattern of male T secretion was typical for a species with high levels of male
parental care and low male-male aggression, with T levels decreasing after the
onset of incubation and then remaining relatively low up to chick fledging.
Although not statistically significant, failed breeders had a tendency to have
higher T levels than successful breeders.

5) Adult body condition and blood haemoglobin levels were measured
throughout the breeding cycle. A body condition index (BCI) was calculated
for each individual based on its body mass relative to structural size. The
influence of BCI on hatching success was examined and interyear repeatability
in BCI was assessed. There was no relationship between parental condition
and egg hatchability. There was, however, a significant positive relationship
between female body condition and egg volume and between male body
condition and PRL level. There was also significant interyear repeatability in
the body condition of both males and females.
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6) Interannual variation in feeding frequencies and meal sizes were determined
and the influence of parental body condition on provisioning rates was
investigated. Mean meal sizes varied significantly between years, which
suggest there are variations in food availability within Gould’s petrel’s
foraging range. On average, foraging trips averaged approximately three days
and chicks were fed every second day. Parents that went on longer foraging
trips provided larger meals to their chicks. However, parents that went on
shorter trips provided more food per day spent foraging, which suggests they
were more effective foragers. Moreover, in 2001/02 when meal sizes suggest
food was less abundant, parents that were in better body condition during
incubation were the more efficient foragers. These results suggest that parental
condition has an important influence on chick provisioning rates, especially
when environmental conditions are suboptimal.

7) Interannual variations in chick growth and nestling blood haemoglobin
accumulation were examined in relation to parental body condition. Chick
mass and skeletal growth rate varied significantly between years. The mean
age of fledglings was 90 ± 1 days in both years and fledging mass was 175 ± 2
g and 177 ± 2 g in 2001/02 and 2002/03, respectively. There was a significant
positive relationship between the body condition of parents and the body
condition of chicks at their peak mass (BCIpm) of their chick. Parental body
condition also influenced chick growth rate (g/day) and was inversely related
to fledging age of the chick. There were significant positive interyear
correlations between the body condition of chicks from the same parents.
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Also, if parents produced a good quality chick in 2001/02 they were in
relatively good body condition during incubation in 2002/03. Furthermore,
these parents went on to again produce a good quality chick in 2002/03. These
results suggest that good parental body condition is important for reproductive
success and that certain parents are consistently able to acquire more resources
that can be allocated to both self-maintenance and reproduction and are,
consequently, better reproductive performers.
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Chapter 1 Introduction

1.1

Life history theory

An organism’s life history describes the various stages it undergoes during its
lifetime, including growth, energy acquisition, dispersal, and reproduction. Although
most sexually reproducing organisms go through these various processes, there are a
wide variety of life history strategies that different organisms employ in their
endeavour to maximize lifetime reproductive success.

Semelparous organisms, for instance, experience only one reproductive event in their
lifetime. In annual plants the entire cycle of seed germination, energy acquisition,
growth, reproduction, and dispersal occurs within a single season, which, in some
cases lasts for only a few weeks (Raven et al. 1986). In a number of species of the
Australian marsupial Antechinus all the males die after a single, short mating period
of several weeks (Braithwaite 1995, Calaby 1995). A single reproductive event is not,
however, confined to short-lived organisms. In fact, several species that live for a
number of years still have only one reproductive episode during their lifetime. After
hatching, Pacific salmon Onocorhynchus kisutch, for instance, migrate to the ocean
where they live for several years. They then return to their natal stream, reproduce
once, and then die (Fleming and Gross 1990). Some cicada species live for up to
seven years of which only a few weeks is spent above ground reproducing as adults
(Moulds 1990). In an extreme case, the bamboo species Phyllotrachys bambusoides
lives for over a hundred years before flowering once and then dying (Halliday 1993).
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In contrast, iteroparous organisms have a number of reproductive events during their
lifetime. However, the life history traits of iteroparous organisms, such as the age of
first breeding, the number of offspring produced per reproductive event, and longevity
can all interact in different ways that profoundly influence lifetime reproductive
success (Stearns 1992). In Australian lizards, for example, the number of offspring
per reproductive event varies from two eggs per clutch in nearly all species in the
family Gekkonidae to up to twenty eggs per clutch in some species in the family
Agamidae (Cogger 2000). Birds, such as great tits Parus major, can produce as many
as 11 eggs per clutch, however, only about half of all individuals survive to reproduce
more than once (Ots and Horak 1996). In comparison, common terns Sterna hirundo
first breed at 2-4 years of age, produce a maximum of three eggs per clutch, but
continue to breed for a further twenty years (Nisbet et al. 1999). In an extreme
example, wandering albatrosses Diomedea exulans live, on average, for 33 years but
they do not reach sexual maturity until about twelve years of age. They produce only
one egg per reproductive event, which, if successful, is only every second year
(Weimerskirch 1992, Jouventin and Dobson 2002).

Although the above examples show that life history tactics vary widely between
taxonomic groups, individuals within populations are also expected to vary in the
amount of energy they allocate to different life history stages. Because the resources
available to an organism are finite, an increase in the amount of energy invested in
current reproduction may increase reproductive output, but will likely result in a
proportional decrease in the organism’s chances of future survival and future
reproductive success (Stearns 1992). In female red deer Cervus elaphus, for example,
current reproduction compromises future survival because lactating females have less
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fat reserves to tide them over winter (Clutton-Brock et al. 1983). Also, increased
energy expenditure on current reproduction in blue tits Parus caeruleus decreases the
likelihood that they will breed the following year (Richner and Tripet 1999).
Furthermore, an increase in reproductive effort, due to brood-size manipulation,
results in a reduction in survival of parents in the kestrel Falco tinnunculus (Dijkstra
et al. 1990, Daan et al. 1996).

Other studies that have examined life history trade-offs within single populations,
however, have reported an apparent contradiction to this tenet, in that correlations
between resources invested in reproduction versus survival/self-maintenance of
parents have been positive. In Canadian song sparrows Melospiza melodia, for
example, individuals that experience higher reproductive success in a given year are
also more likely to survive to reproduce the following year than those that have lower
reproductive success (Smith 1981). Also, female great tits that have larger clutch sizes
in a given year have a higher chance of rebreeding than those with smaller clutches
(van Noordwijk and de Jong 1986). Furthermore, under certain environmental
conditions, female beetles Callosobruchus maculatus that have high fecundity live
longer than those that are less fecund (Messina and Fry 2003).

One reason that the expected trade-off between investment in different life history
stages is sometimes not found, is that the ability to acquire resources differs between
individuals within a population (Stearns 1992). In nature, individuals differ in the
amount of energy they can acquire and will, therefore, also differ in the amount of
energy they can allocate to various life history stages. Better performing individuals
are able to invest more in both survival and in reproduction (Halliday 1993).
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Therefore, where positive correlations between life history traits are found, better or
poorer performing individuals within the population have been identified (van
Noordwijk and de Jong 1986).

Species within the avian order Procellariiformes exhibit a number of extreme life
history traits that make them ideal for studies of interyear trade-offs in resource
allocation. First, they show long-term mate fidelity, which means that reproductive
costs and breeding success can be monitored in successive breeding seasons, without
the potential confounding effects that would occur if individuals bred with different
partners each year. Second, most species produce only a single egg each year and,
therefore, interindividual and interyear differences in allocation of resources to
offspring can be measured with relative ease. Also, they are long-lived, have low
mortality and they have high nest-site fidelity. These characteristics make it relatively
easy to locate and study the same individuals year after year. Gould’s petrels
Pterodroma leucoptera (Aves, Procellariiformes, Procellariidae) exhibit all of the
above life history characteristics and, furthermore, almost the entire breeding
population is located on a single island, which reduces the influence of habitat quality
on variation between individuals in reproductive success. These factors make this
species ideally suited for a more careful examination of the potential interyear tradeoffs between resource allocation to reproduction, self-maintenance and future
reproduction.
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1.2 Study species
1.2.1 Species description
Gould’s petrels belong to the largest group of tube-nosed birds—the gadfly petrels.
This group consists of 25 species in two genera—Lugensa and Pterodroma—that
range in size from 163 g to 525 g (Warham 1990). Gould’s petrels have a body mass
of approximately 180 g, are 30 cm long, and have a wingspan of 70 cm. Their upper
body is sooty dark-brown and grey and they are white underneath (Marchant and
Higgins 1990).

1.2.2 Mating system
Gould’s petrels are socially monogamous, form long-term pair bonds, and share
chick-rearing duties between both parents. Monogamy is rare among mammals but is
the dominant mating system in birds, occurring in over 90% of species studied (Lack
1968, Avise 1996). Studies of long-lived birds have shown that those that breed with
previous mates have high within-pair synchronisation and low levels of aggression.
Long-term pair bonds allow these birds to breed more effectively than birds that form
shorter pair bonds and, therefore, increase their reproductive output (Emlen and Oring
1977).

Monogamy is likely to be prevalent in species where a large amount of care by both
parents is required to raise offspring successfully and where males are well equipped
to share in parental duties (Emlen and Oring 1977, Avise 1996). In this situation,
engaging in shared parenting is likely to increase fitness to a greater extent than by
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withholding care from current offspring or by seeking additional mates (Emlen and
Oring 1977, Avise 1996). Also, because mating consumes a significant amount of the
limited time available to locate mates, monogamy is also likely to occur in
populations where sexual receptiveness of females is synchronous and for only a short
period of time. Polygamy is also unlikely when the operational sex ratio (OSR), or the
average ratio of fertilisable females to sexually active males, is balanced (Emlen and
Oring 1977, Avise 1996).

1.2.3 Breeding location
The predominant breeding location for Gould’s petrels is Cabbage Tree Island,
situated 1.4 km from the entrance to Port Stephens, New South Wales. They also
breed on nearby Boondelbah Island, however, the population there is restricted to just
a few breeding pairs (Priddel and Carlile 1997).

On Cabbage Tree Island, Gould’s petrels breed mainly within two gullies on the
western slope (Hindwood and Serventy 1941). Cabbage tree palms Livistona
australis, figs Ficus superba and F. fraseri and native plum Planchonella australis
dominate the rainforest within these gullies. The petrels nest in close proximity to one
another in rock crevices, beneath fallen palm fronds, and in hollow palm trunks on the
floor of these gullies, which is covered by rock scree and soil (Priddel et al. 1995).
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1.2.4 Species status
Since the 1970s the population of Gould’s petrels on Cabbage Tree Island has been in
decline (Priddel et al. 1995). Although precise reasons for this decline are uncertain
there are probably a number of contributing factors. First, the sticky anthocarp of the
bird-lime tree Pisonia umbellifera falls to the ground within the breeding habitat.
When these fruits come into contact with Gould’s petrels they become entangled in
the feathers, which often results in wings getting stuck to body feathers. The bird is
then unable to fly and is susceptible to predation or starvation (Hindwood and
Serventy 1941, Priddel and Carlile 1995b).

There are also a number of avian predators occurring on Cabbage Tree Island. The
Australian raven Corvus coronoides, the pied currawong Streptera graculina, the
white-bellied sea-eagle Haliaeetus leucogaster, the peregrine falcon Falco
peregrinus, the grey goshawk Accipiter novaehollandiae, and owls Tyto spp. are all
known predators of Gould’s petrels (Priddel et al. 1995, Priddel and Carlile 1997). Of
these, the pied currawong and the Australian raven appear to be the main predators of
the petrels (personal observation).

Also implicated in the decline of Gould’s petrels is the introduction of rabbits
Oryctolagus cuniculus to Cabbage Tree Island. Rabbits were introduced from
Broughton Island in 1906 by the Danysz Rabbit Inoculation Station (Hindwood and
Serventy 1941). Grazing by the rabbits modified the rainforest understory community
to such an extent that it has exacerbated the adverse effects of avian predators and the
bird-lime tree (Priddel et al. 2000). The understory removal by grazing rabbits left
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nesting petrels and fledglings far more vulnerable to predation by pied-currawongs
and ravens and also more likely to come into contact with the viscous fruits of the
bird-lime tree (Priddel et al. 2000).

Steps have been taken to alleviate these threats. All bird-lime trees within the
breeding habitat were destroyed in 1992. In the same year the nests and nestlings of
currawongs were destroyed along with the culling of adult currawongs and ravens.
Also, in 1997 the rabbits were eradicated from Cabbage Tree Island. This was
achieved through introduction of myxomatosis, rabbit haemorrhagic disease, and
poison baits (Priddel et al. 2000).

Since these measures have been taken there has been an increase in the number of
nesting pairs, hatching success, and the number of fledglings. The number of nesting
pairs in the years immediately prior to 1993 (when bird-lime trees were removed and
avian predators controlled) was below 200. In the subsequent years the number of
breeding pairs has been consistently above 300 (Priddel and Carlile 1997). Breeding
success (percentage of eggs hatched) following intervention has also risen from
around 30% in the years 1989-1992 to over 40% in 1993 and 1994.

The largest increase since these measures were taken is in the number of fledglings. In
the years1989-1992, there were less than 50 fledglings per year. In 1993 and 1994,
however, the number of fledglings increased to over 150 and 225, respectively
(Priddel and Carlile 1997). Since rabbit eradication in 1997 the number of fledglings
has continued to increase (Priddel et al. 2000).
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In 1995, although the number of nesting pairs continued to increase, breeding success
fell to pre-intervention levels of around 30%. This led to a drop in the number of
fledglings to just over 100 individuals. The reasons for this decline, although not fully
understood, are suggested to be due to a temporary change in the oceanic
environment, rather than a decrease in the effectiveness of the management actions
(Priddel and Carlile 1997). However, sudden decreases in breeding success indicate
that ongoing monitoring and management of this population is important.

Ongoing management of this population could be enhanced by an examination of
variations between individuals in the amount of energy invested into different life
history stages. Better reproductive performers can be identified from their relatively
high investment of resources into reproduction, self-maintenance and future
reproduction and the traits that are correlated with reproductive success can be
identified through a physiological and morphological appraisal of these individuals.
This knowledge would be invaluable for effective management because resources
could then be directed where they would be most useful.

1.2.5 Aims
There are a number of adult traits that are likely to be linked to reproductive
performance. These include: 1) egg-laying characteristics, such as laying dates and
egg volumes (Amundsen et al. 1996, Dawson and Clark 2000, Hipfner 2000), 2)
Endocrine patterns, such as prolactin and testosterone secretion (Lormee et al. 1999,
Vleck et al. 2000, Khan et al. 2001), 3) Parental body condition throughout the
breeding cycle (Chastel et al. 1995, Barbraud and Chastel 1999, Bradley et al. 2000),
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and 4) Chick provisioning rates (Hamer and Thompson 1997, Huin et al. 2000,
Quillfeldt and Hans-Ulrich 2000, Baduini 2002). These traits are likely to influence
reproductive performance through variation in 1) hatching success (Croxall et al.
1992, Meathrel et al. 1993b, Amundsen et al. 1996, Barbraud and Chastel 1999,
Kemp and Dann 2001); 2) chick growth rates (Amundsen et al. 1996, Hamer and
Thompson 1997, Dawson and Clark 2000, Huin et al. 2000); and 3) chick body
condition (Lorensten 1996).

Relationships between parental attributes and reproductive success in Gould’s petrels
have not been previously assessed and no attempt has been made to identify better
reproductive performers through positive correlations between resource investment in
different life history stages. Therefore, the main aims of this study were: 1) to
examine physiological and morphological traits of adult Gould’s petrels and assess
the relationship between these characteristics and reproductive success; and 2) to
attempt to identify consistently better performing individuals through positive
interyear correlations between resources invested into reproduction, self-maintenance
and future reproduction.
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Chapter 2 Sexing Gould’s Petrels using Molecular Methods and
Discriminant Function Analysis

2.1 Introduction
Gould’s petrels, like most Procellariiformes, show no sex-linked plumage dimorphism
(Warham 1990). Although it has been suggested that they exhibit some sexual size
dimorphism, with the male being larger (Hindwood and Serventy 1941), there appears
to be considerable overlap between the sexes in their size ranges. Identification of the
sex of Gould’s petrels in the field, therefore, is difficult.

Knowledge of an individual’s sex, however, is essential to measure and understand
differences in the roles each sex plays in various aspects of breeding biology. For
example, there may be differences between sexes in parental effort and energy tradeoffs and there may also be differential growth rates between chicks of different sex.

There are a number of sexing techniques that do not rely on plumage or size
dimorphism that could possibly be used to sex Gould’s petrels. The cloaca of female
petrels becomes distended prior to egg laying and examination of breeding birds at
this time has allowed sex determination of females in other petrel species, such as the
short-tailed shearwater Puffinus tenuirrostris (Serventy 1956), Wilson’s storm-petrels
Oceanites oceanicus (Copestake et al. 1988) and Manx shearwaters Puffinus puffinus
(Harris 1966). Birds paired with females, but lacking cloacal distention, are presumed
to be males. Where it is feasible, observation of behaviour during mating, laparotomy,
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and inspection of the gonads by fibre-optic endoscopy can all also be used for sex
determination (Warham 1990).

Because female birds are heterogametic (ZW) and males homogametic (ZZ) an
individual’s sex can be determined by the presence or absence of the W gene
(Fridolfsson and Ellegren 1999). With the development of the polymerase chain
reaction (PCR) technique only small samples of DNA are needed to discriminate sex
in birds. PCR-based sexing methods have been shown to be effective for most avian
species and are being used in an increasing number of studies (Bradbury et al. 1997,
Bertault et al. 1999, Moore et al. 2001). Molecular methods have the advantage over
some of the other methods, such as cloacal inspections and observation of mating
behaviour, in that DNA samples can be obtained at any stage of the breeding season
and stored for later analysis. Molecular methods can also be used to determine the sex
of sexually immature birds and can, therefore, be used to determine the sex of very
young chicks and even embryos (Kalmbach et al. 2001).

For situations where invasive techniques are not practical, it is useful to establish
whether sex can be judged from external morphometric characteristics. By combining
sex determination using PCR-based methods with a series of morphological
measurements it is possible to evaluate the effectiveness of external morphometry to
discriminate the sex of individuals within a given species. Even where there is
considerable overlap in size ranges, a discriminant function analysis (DFA)
combining a number of external morphometrics can often allow relatively accurate
predictions to be made of the sex of individuals. This method has been employed
successfully for a number of seabird species including little penguins Eudyptula
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minor (Renner and Davis 1999), Cory’s shearwaters Calonectris diomedea
(Bretagnolle and Thibault 1995), and several species of fulmarine petrel Fulmarus
glacialis, F. glaciodes, Thalassoica antarctica, Daption capense, Pagadroma nivea,
(Van Franeker and Ter Braak 1993). Although sexual size dimorphism has been
suggested for Gould’s petrels (Hindwood and Serventy 1941) there has been no
careful evaluation of this assumption.

The aims of this part of the study were to:
1) Assess the suitability of two PCR-based techniques for determining the sex of
Gould’s petrels.
2) Assess the predictive power of a DFA based on external morphometrics of
both adult and fledgling Gould’s petrels.
3) Use the results of the chick sexing analyses to determine offspring sex ratios.
4) Assess whether mate choice in Gould’s petrels is size-related.

2.2 Methods
2.2.1 Molecular sexing
Blood samples were collected from 209 adults and 206 chicks between 2000 and
2003. Blood was obtained by making a small puncture in a brachial vein and
collecting 50 to 70 µl of blood in a 70 µl heparinised haematocrit tube, which was
then transferred to 70% ethanol for storage. DNA was extracted using Proteinase K
digestion followed by ammonium acetate extraction. DNA was then stored in low
EDTA TE buffer (10 mM Tris, 0.1 mM EDTA, pH 7.5-8.0).
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Two PCR based molecular sexing methods were performed. The first, as described by
(Griffiths et al. 1998) uses primers P2 (5’-TCTGCATCGCTAAATCCTTT-3’) and
P8 (5’- CTCCCAAGGATGAGRAAYTG-3’). This method amplifies homologous
sections of the CHD-W and the CHD-Z genes that usually differ in length. The CHDW gene is found only in females, while the CHD-Z gene is found in both sexes.

The second method as described by (Griffiths et al. 1996), employs primers P2 and P3
(5’-AGATATTCCGGATCTGATA-3’). This amplifies a fragment of the CHD-W
gene, which is found only in females, and the CHD-NW gene, which is found in both
males and females. As these fragments are of similar length the PCR products require
digestion with the restriction enzyme HaeIII (GGCC), which cuts the CHD-NW
fragment.

Both PCR reactions were performed in 15-µl volumes using 2.65-µl double distilled
water (ddH2O), 1.5 µl PCR buffer, 1.5 µl dNTPs, 1.6 µl P2 (2 µM), 1.6 µl P3 or P8 (2
µM), 1.0 µl MgCl (25 mM), 0.15 µl Taq polymerase, and 5 µl DNA solution (approx.
50-200 ng).

The thermal cycle performed for both reactions was: one cycle at 94°C for 3 min,
followed by 35 cycles at 94°C for 30 sec; 55°C for 30 sec; 72°C for 30 sec, followed
by one cycle at 72°C for 4 min, then one cycle at 4°C for 1 min. A 5 µL solution of
2.5 µL ddH2O, 2 µL restriction-enzyme buffer and 0.5 µL HaeIII was then added to
the PCR product of the P2 and P3 reaction. This was incubated at 37°C for two hours.
Gel electrophoreses were then performed on the PCR products from both reactions in
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a 3% agarose gel with ethidium bromide, at 150 V (10 V/cm) for approximately 1.5
hours. The gels were then viewed under ultraviolet light.

Twenty-five birds had been previously sexed as females from cloacal examinations
shortly after egg laying. The breeding partners of these birds were assumed to be
males. These birds were used as controls for the molecular sexing.

2.2.2 Discriminant function analysis
After determining the sex of individuals with the molecular analysis, a discriminate
function analysis (DFA) based on external morphometrics was performed.
Measurements of head-bill length, culmen length, bill depth, tarsus length, and middle
toe length were taken to the nearest 0.01 mm using a Mitutoyo electronic digital
calliper. All the assumptions required for the DFA to be performed were tested. That
is, that no two morphometric variables were highly correlated and, therefore,
measured essentially the same trait; that there were no significant deviations from
multivariate normality; and that there was equality in group covariance matrices
(Klecka 1980, Huberty 1994, Hair et al. 1998)

Measurements of chicks were taken from 77, 73, and 56 (206 in total) individuals
from the 2000/01, 2001/02, and 2002/03 breeding seasons, respectively.
Measurements were taken as close to the time of fledging as possible (usually within
one week prior to fledging). Also, as measuring chicks close to fledging might not
always be practical, measurements were also made at younger ages (10, 25, 40 and 60
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days) to assess the earliest stage of chick growth that the DFA could be accurately
used to predict the sex of chicks.

DFA was performed using the discriminant platform in SPSS 11.5. Only variables
that were significantly different between the sexes were incorporated into the analysis.
SPSS calculates Fisher’s linear discriminant functions that are used to calculate the
probability that an individual belongs to a particular group. Individuals with a
probability of 0.5 or greater are classified as male and individuals with a score less
than 0.5 are classified as female.

The reliability of the discriminant function was estimated by checking the predicted
sex against the actual sex determined from molecular sexing. A further test of the
reliability of the prediction was performed by cross validation. Cross validation
classifies each individual from the functions derived from all individuals other than
itself. In an attempt to increase the predictive power of the discriminant analysis, in
cases where one individual of a pair was misclassified, the member of the pair with
the higher probability of being male was classified as such and its partner then
classified as female.
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2.2.3 Assortative mating
Knowledge of the sex and the morphometrics of both individuals of a breeding pair
allowed an examination of whether Gould’s petrels display size-related assortative
mating. Correlation analyses were performed between partners in all univariate
morphometric measurements as well as with their principle component one (PC1)
scores from a principle component analysis of head-bill length, culmen length, bill
depth, tarsus length and middle toe length.

2.2.4 Sex ratio
The sex ratio of chicks throughout the colony was calculated for each year of the
study and for the three years combined. These ratios were tested for deviations from
parity using goodness of fit tests.
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2.3 Results

2.3.1 Molecular sexing
The PCR reaction successfully amplified the respective sections of the Z and W
chromosomes using both techniques. However, only the reaction using primers P2
and P3 allowed successful identification of the sex of Gould’s petrels. The reaction
using primers P3 and P8 produced only one visible band on the gel following
electrophoresis. This was possibly due to both bands being so similar in size that they
could not be distinguished on a 3% agarose gel (Griffiths et al. 1998).

Observation of the gel resulting from the PCR using primers P2 and P3 showed a
discernable difference between sexes (Figure 2.1). In lanes 2, 3, and 4 there is a
distinct band at 110 base pairs (bp), which is the CHD-W fragment that is uncut by
HaeIII. By contrast, male DNA in lanes 1, 5, and 6 displayed visible bands at 65 bp,
and at 45 bp. These bands are the fragments of the CHD-NW product that has been
cut by HaeIII (Griffiths et al.1996). Individuals with a band at 110 bp (lanes 2, 3, and
4) also have bands at 65 bp and 45 bp but these are not easily seen on the gel.
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♂

♀

♀

♀

♂

♂

- 110 bp
- 65 bp
- 45 bp

Figure 2.1 Determination of the sex of Gould’s petrels using primers P2 and P3. The bands at 110
bp in lanes 2, 3, and 4 are the uncut CHD-W fragments and are, therefore, female. Lanes 1, 5 and
6 show bands at 65 bp and at 45 bp. These are the CHD-NW fragments that have been cut by
HaeIII and are, therefore male.

From this it can be determined that individuals with a band at 110 bp possess the
CHD-W gene which is uncut by HaeIII, and are, therefore, female. Individuals with
no band at 110 bp but two bands at 65 bp and 45 bp respectively, possess only CHDNW, which is cut by HaeIII, and are therefore male (Griffiths et al. 1996). These
results correctly confirmed the sex of the 25 birds whose sex was determined by
cloacal examinations shortly after egg laying. Two hundred and nine adult Gould’s
petrels and 206 chicks were then sexed using the P2 and P3 method.

2.3.2 Discriminant function analysis
2.3.2.1 Adults
There was considerable overlap in the size ranges of all morphometrics taken.
However, the means of the head-bill length, culmen length, middle toe length, and bill
depth were all significantly different between the sexes. Of the measurements taken,
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only tarsus length was statistically indistinguishable between sexes and was,
therefore, omitted from further analysis (Table 2.1). One of the assumptions of the
DFA method is that variables are independent (Klecka 1980). Covariance between
morphometric measures was evaluated by determining the variance inflation factor
(VIF) of the variables used in the DFA. Values of VIF above 10 indicate significant
covariance among variables and, therefore, that at least two variables measure
essentially the same trait (Hair et al. 1998). None of the variables examined had a VIF
above 2.3 (Table 2.2). There was no significant difference between the group
covariance matrices (Box’s M = 15.595, approximate F10, 204812 = 1.527, p = 0.123).
The normality of each variable was checked using normal probability plots in SPSS
11.5 and as multiple univariate normality was satisfied, multivariate normality was
assumed (Huberty 1994). As all the assumptions were met, DFA was performed using
the four significantly different variables.
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Table 2.1 Sample sizes, ranges, means, standard errors, and results of t-tests of variables
considered for the DFA of Gould’s petrels. All birds were sexed using molecular methods.

Head

Culmen

Bill depth

Tarsus

Middle toe

Sex

N

Range

Mean

s. e.

t2,207

p

M

105

64.23-69.25

66.80

0.11

5.659

<0.001

F

104

63.31-69.03

65.88

0.11

M

105

23.52-27.54

25.38

0.07

2.170

0.031

F

104

23.44-26.85

25.14

0.07

M

105

8.21-10.12

9.24

0.03

6.477

<0.001

F

104

8.31-9.99

8.94

0.03

M

105

27.17-32.83

30.38

0.08

1.161

0.247

F

104

27.92-32.13

30.23

0.09

M

105

31.50-37.5

34.46

0.10

3.709

<0.001

F

104

30.14-36.42

33.84

0.12

Table 2.2 Pooled within sex correlation matrix and the variance inflation factor (VIF) of the
variables of 104 females and 105 males used in the DFA.
Head

Culmen

Bill depth

Head

1.000

Culmen

.695

1.000

Bill depth

.358

.354

1.000

Middle toe

.378

.295

.144

Middle toe

VIF
2.288
1.952
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1.274
1.000

1.232

Fisher’s linear discriminant functions obtained from SPSS 11.5 were used to calculate
probability scores (Table 2.3). The probability of a bird being male can be calculated
as 1/(1 + exp (-D)) where,

D = [(52.071-51.538) * head] + [(-21.242-(-20.424)) * culmen] + [(29.148-26.848) *
bill depth] + [(7.507-7.282) * middle toe] + [(-1734.514) – (-1678.637)]

= (0.533 * head) + (-0.818 * culmen) + (2.3 * bill depth) + (0.225 * middle toe) –
55.877

Individuals with calculated probability scores of 0.5 and above are classified as male
and all others are classified as female (Figure 2.2).

Table 2.3 Fishers linear discriminant functions obtained from SPSS discriminant output.
Sex
Female

Male

51.348

52.071

-20.424

-21.242

Bill depth

26.848

29.148

Middle toe

7.282

7.507

(Constant)

-1678.637

-1734.514

Head
Culmen

The reliability of the DFA for adults is shown in Table 2.4. Of the original 104
females sexed by molecular methods 78 (75%) were correctly classified using the
DFA equation, as were 74 of 105 (70.5%) molecular sexed males. Overall, this
resulted in 152 of 209 (72.7%) of the original individuals being correctly classified.
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Using the leave-one-out cross validation method, successful classification was slightly
lower for males with 73 of 105 (69.5%) correctly classified and, therefore, 151 of 209
(72.2%) overall.

In a number of cases both members of a breeding pair were classified as the same sex
because their probability scores were both above (or below) 0.5. In these cases, if the
member of the pair with the highest probability score of the two was assumed to be
the male the reliability of the prediction increases to 85%.

F

M

Frequency

12

8

4

0
0.2

0.4

0.6

0.8

0.2

0.4

0.6

0.8

Probability score

Figure 2.2 Frequency histogram of the probability scores of an adult Gould’s petrel being male.
The histogram of female scores (left) show that the majority of birds have scores below 0.5. The
male histogram (right) shows that the majority of birds have scores above 0.5.
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Table 2.4 Results of the DFA for adult Gould’s petrels. Original are the predictions based on a
DFA derived from all of the birds sexed from molecular methods. Cross validation is the
prediction of an individual based on DFA derived from all other birds excluding the individual
being predicted.
Predicted Group

Original

n

%

Cross-validated

n

%

Female

Male

Total

Female

78

26

104

Male

31

74

105

Female

75.0

25.0

100.0

Male

29.5

70.5

100.0

Female

78

26

104

Male

32

73

105

Female

75.0

25.0

100.0

Male

30.5

69.5

100.0

2.3.2.2 Chicks
No sex-related differences were detected for any of the morphometric measures in
chicks less than 60 days old. Consequently, the measurements obtained in the week
prior to fledging (approximately 80 days old) were used for the DFA. Univariate
analysis revealed that head-bill length, bill depth and culmen length of chicks differed
significantly between the sexes, but tarsus and middle toe lengths were statistically
indistinguishable and were consequently omitted from further analysis (Table 2.5).
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Table 2.5 Summary of morphometric measurements of male and female pre-fledging chicks and
their level of statistical difference. All chicks were sexed using molecular methods.
Sex
Head

Culmen

Bill depth

Tarsus

Middle toe

N

Range

Mean

s. e.

t2,204

p

Female

105

61.08-68.03

64.55

0.13

-4.619

<0.001

Male

101

62.02-68.22

65.42

0.13

Female

105

21.40-26.84

24.57

0.08

-2.372

0.019

Male

101

22.80-26.85

24.87

0.09

Female

105

7.46-8.7

8.04

0.02

-5.196

<0.001

Male

101

7.11-9.14

8.26

0.03

Female

105

24.49-32.41

30.31

0.10

-1.825

0.069

Male

101

28.23-33.11

30.57

0.09

Female

105

31.70-37.51

33.93

0.09

-0.705

0.482

Male

101

31.64-37.02

34.16

0.32

The pooled within group correlation matrix for chick measurements revealed there
were no VIF values above 10 (Table 2.6), which would have indicated significant
covariance among the measured variables (Hair et al. 1998). Examination of the
normal probability plots for each variable showed no deviation from normality and,
therefore, multivariate normality was assumed (Huberty 1994). No differences were
found between the group covariance matrices (Box’s M = 4.158, approx. F6, 300281 =
0.682, p = 0.664)

Table 2.6 Pooled within sex correlation matrix and the variance inflation factor (VIF) of
variables of 105 females and 101 males used for the chick DFA.
Head

Bill depth

Head

1.000

Bill depth

.325

1.000

Culmen

.600

.357

Culmen

VIF
1.670
1.234

1.000

25

1.684

Fisher’s linear discriminant functions were obtained from the DFA of chicks using
head-bill length, culmen length, and bill depth measurements (Table 2.7). The
probability scores for a chick being male can be calculated as 1/(1 + exp(-D) where,

D = [(34.474-34.041) * head] + [(-6.611)-(-6.343) * culmen] + [(48.441-46.370) * bill
depth)] + [(-1246.398) – (-1208.039)]

= (0.433 * head) + (-0.268 * culmen) + (2.071 * bill depth) – 38.359

Chicks with calculated values of 0.5 and above were classified as male and all others
were classified as female (Figure 2.3).

Table 2.7 Fishers linear discriminant functions for chicks obtained from SPSS discriminant
output.
Female

Male

Head

34.041

34.474

Bill depth

46.370

48.441

Culmen

-6.343

-6.611

-1208.039

-1246.398

(Constant)

Of the 105 females sexed by molecular methods 67 (63.8%) were correctly classified
(Table 2.8). Of 101 males, 69 (68.3%) were correctly classified by this method.
Overall, 66.0% of chicks were classified correctly. From the leave-one-out cross
validation, one less male was correctly classified, slightly decreasing overall accuracy
to 65.5%.
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Figure 2.3 Frequency histogram of the probability scores of Gould’s petrel chicks being male.
Females are on the left - males are on the right.

Table 2.8 Results of the DFA for Gould’s petrel chicks. Original are the predictions based on a
DFA derived from all of the chicks sexed from molecular methods. Cross validation is the
prediction of an individual based on the DFA derived from all other birds excluding the
individual being predicted.
Predicted

Original

n

%

Cross-validated

n

%

Female

Male

Total

Female

67

38

105

Male

32

69

101

Female

63.8

36.2

100.0

Male

31.7

68.3

100.0

Female

67

38

105

Male

33

68

101

Female

63.8

36.2

100.0

Male

32.7

67.3

100.0
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2.3.3 Assortative mating
There were no significant correlations found between univariate morphometric
variables or in PC1 scores of paired male and female birds with all p-values being
0.14 or higher (Table 2.9).

Table 2.9 Correlation analyses of morphometrics of Gould’s petrel breeding pairs

Head

Culmen

Bill

Tarsus

Depth

Middle

PC1

toe

r

0.126

0.046

-0.012

-0.018

0.104

0.156

p

0.235

0.668

0.907

0.869

0.328

0.143

2.3.4 Hatchling sex ratio
The male to female fledgling sex ratio of chicks sampled was 38:38, 38:36, and 25:31
in 2000/01, 2001/02, and 2002/03 respectively. Overall the male:female sex ratio was
101:105 (Figure 2.4). There was no deviation from parity in any given year or in the
overall sex ratio of three years combined (G = 0, 0.054, 0.64, and 0.078 respectively;
p = 1, 0.82, 0.42, and 0.78 respectively).
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Figure 2.4 The fledgling sex ratio for each year of the study and for the three years combined.
Males are unfilled columns, females are filled columns. Sample sizes are 76, 74, 56, and 206
respectively. Sex ratios did not differ from parity in any year or in the three years combined.

2.4 Discussion

The molecular sexing technique using primers P2 and P3 followed by digestion with
the restriction enzyme HaeIII allowed easy identification of the sex of Gould’s
petrels. The inability of the technique employing P2 and P8 to sex Gould’s petrels is
possibly due to the PCR products being so similar in size that they were not separated
on the 3% agarose gel. Griffiths et al. (1998) found this to be the case with the tawny
owl (Strix aluco). They found, however, that the products could be distinguished by
using an 8% denaturing acrylamide gel. The Gould’s petrel P2 and P8 PCR products
may also be distinguishable in this way.

Morphometric analysis revealed a moderate sexual size dimorphism in Gould’s
petrels. However, the discriminant function analysis (DFA) of the morphological
structures examined showed limited utility in predicting sex. The sex of males could
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only be predicted with about 70% accuracy, and females with about 75% accuracy.
This is not unexpected considering the substantial overlap in size ranges for all
morphometrics examined.

Sexual size dimorphism has been shown to occur in several species of
Procellariiformes including northern and southern giant petrels Macronectes
giganteus and M. halli white-chinned petrels Procellaria aequinoctialis, grey-headed
mollymawks Thalassarche chrysostoma, yellow-nosed mollymawks T.
chlorohynchos bassi and snow petrels Pagadroma nivea (Warham 1990, Barbraud
and Jouventin 1998, Ryan 1999). Proposed reasons for the evolution of sexual size
dimorphism in the northern giant petrel include differences between sexes in foraging
ranges and dietary preferences (Gonzalez-Solis et al. 2000). The need for snow petrels
to defend nest sites is thought to have led to an increase in male body size in this
species (Barbraud and Jouventin 1998). Little is known about foraging strategies or
the diet of Gould’s petrels, but knowledge of whether males and females use the same
food resources would help to determine if foraging strategies have played any part in
the limited size dimorphism shown in this species.

Competition between Gould’s petrels for nest sites does not appear to be common or
intense. I monitored the same 104 nests for three consecutive years and saw no
evidence of established nesters being replaced by interlopers or any evidence of
aggressive competition for these nest sites. Therefore, any advantages gained by
larger males in nest site competition are likely to be slight.
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An examination of the breeding locations of those petrel species that show sexual size
dimorphism suggests that a larger than expected number breed in Antarctic or subAntarctic areas (Harrison 1983, Warham 1990). Male petrels usually undertake the
first, long incubation shift where they fast for extended periods (Warham 1990) and
there is evidence to suggest that avian fasting endurance increases with body mass
(Kendeigh 1945). Therefore, the males of species that breed in areas where weather
conditions are extreme, may have evolved a larger body size to cope with extended
periods of fasting when weather conditions or food availability delay the return of
their mate. The moderate sexual size dimorphism exhibited by Gould’s petrels, and
other petrels that breed at lower latitudes, may be due to the relatively benign weather
conditions they experience during breeding.

The predictive power of the DFA was shown to increase to 85% when the larger
member of a pair was assumed to be the male. This suggests that size might be
involved in mate choice in this species. Assortative mating based on size has been
found to occur in other petrels including the snow petrel (Barbraud and Jouventin
1998). However, there were no significant relationships found between the sizes of
morphometrics of partners in Gould’s petrels. There may be other factors involved in
mate choice, such as body condition, which has been shown to play a role in other
species, such as American kestrels Falco sparverius (Bortolotti and Iko 1992).

The power of the DFA to predict the sex of chicks was even lower than it was for
adults (about 68% for males and 64% for females). There were fewer morphometrics
that were significantly different between the sexes for chicks and, similar to adults,
there was considerable overlap in the ranges of sizes.
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There was no evidence for any hatchling sex ratio bias found in this study. Although
sex ratio bias appears to be rare in birds (Clutton-Brock 1985) it has been suggested
that under certain conditions some avian species use a number of potential methods to
control the sex ratio of their offspring (Krackow 1995, Sheldon 1997). Heinsohn et al.
(1997) showed that Eclectus parrots Eclectus roratus can produce up to twenty chicks
of the same sex concurrently. Also, under adverse conditions, great skuas Catharacta
skua produce more males, which are smaller, than females Kalmbach et al. (2001).

Hatchling sex-ratio bias appears to be rare in petrels. Moore et al. (2001) found a
male biased sex-ratio in the adult breeding population of black-browed albatrosses
Thalassarche melanophrys and Bretagnolle and Thibault (1995) found a sex bias
towards males in fledgling aged Cory’s shearwaters Calonectris diomedea. The bias
in black-browed albatrosses was suggested to be due to differences in migration
patterns between the sexes and/or differences in mortality caused by fisheries bycatch.
The Cory’s shearwaters were sexed as nearly fledged chicks, and the bias towards
males was suggested to be partly due to higher predation by rats on female chicks.
The hatchling sex-ratio in both of these studies, therefore, may well have been at
unity. There is little chick mortality after hatching in Gould’s petrels (personal
observation) and blood samples were taken in the first few weeks of age, therefore,
the sex-ratio determined here is essentially the hatchling sex-ratio.

Considering the limited predictive power of the DFA, and the ease with which
Gould’s petrels can be sexed using molecular techniques, the latter method is
probably the most useful of the methods assessed here. Where knowledge of the sex is
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necessary the levels of accuracy provided by the DFA may be insufficient. In
offspring sex-ratio studies, for example, the amount of bias towards one sex is often
only slight and the number of misclassified chicks found here could easily confound
results. In this study the combined three years of data showed no significant variation
from parity when chicks were sexed by molecular methods (105 females: 101 males)
or by the DFA (99 females: 107 males; G = 0.31, p = 0.58). However, the DFA
tended to over predict males. A continued tendency for an over prediction of males,
therefore, could show a male-biased sex ratio where none actually exists.

Aspects of the Gould’s petrels breeding cycle that can be investigated further with
knowledge of the sex of breeding birds include: differences in the body condition of
males and females at various stages of the breeding cycle; the role of body condition
in mate choice; differences in the relative input to various stages of the breeding
cycle; and differences between the sexes in costs associated with reproduction.
Patterns of hormones associated with breeding behaviour, such as prolactin and
testosterone, are also likely to differ between sexes and the relationships between
these hormones and breeding success could also be assessed with knowledge of the
sex of breeding birds.

Also, although the hatchling sex ratio has been shown not to vary significantly in
Gould’s petrels, knowledge of the sex of chicks is valuable for investigating other
aspects of the chick rearing stage of the reproductive cycle. Growth rates, for
example, may vary between male and female chicks and, therefore, the costs to
parents of producing one sex may be higher than for the other. Survival rates of
hatchlings and fledglings, and recruitment into the breeding population may also vary
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between sexes. Knowledge of these factors may be important for conservation and
management of this species and the ability to easily determine the sex of both adult
and juvenile Gould’s petrels will be valuable in providing this information.
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Chapter 3 Variability in egg-laying characteristics of Gould’s
petrels and their utility as predictors of breeding outcomes

3.1 Introduction
Intraspecific variation in egg size is common in birds (Williams 1994) and the effects
of egg size on reproductive success have been shown for numerous species. For
example, Kentish plover Charadrius alexandrinus chicks that hatch from larger eggs
within a clutch have a higher chance of survival than their lighter siblings from
smaller eggs (Amat et al. 2001). The survivorship of lesser scaup Aythya affinis
ducklings to 14 days of age increases as egg volume increases, which then leads to
higher recruitment into the breeding population (Dawson and Clark 2000). Also, Jager
et al. (2000) recorded egg size and its relationship to reproductive success in Eurasian
oystercatchers Haematopus ostralegus and found that the size of hatchlings was
positively correlated with egg size.

Egg size also influences breeding success in Procellariiformes. In the Antarctic petrel
Thalassoica antarctica, for example, hatching success is positively correlated with
egg size and there is a significant positive relationship between egg size and chick
size at hatching (Amundsen et al. 1996). In wandering albatrosses Diomedea exulans
hatching success has been found to be higher from larger eggs and there is also a
positive relationship between egg size and hatchling weight (Croxall et al. 1992).

Laying date and hatching date are also known to have an effect on breeding success in
a number of bird species. Chinstrap penguins Pygoscelis antarctica that breed late, for
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example, have been shown to be at a disadvantage due to the younger fledging age of
late hatchlings. This is partly due to late hatching chicks being left unguarded by their
parents at a younger age (Vinuela et al. 1996). Laying and hatching date are also
known to influence petrels, but these effects are not always consistent. Egg sizes of
short-tailed shearwaters Puffinus tenuirostris increase as the breeding season
progresses, but the size of eggs has no effect on hatching success (Meathrel et al.
1993b). In some years the fledging success of snow petrels Pagadroma nivea is
adversely affected by laying later in the season but in other years the reverse is true
(Barbraud et al. 2000). Manx shearwaters Puffinus puffinus that breed earlier have
been shown to produce more survivors after fledging (Perrins 1966) and earlier
hatched Wilson’s storm-petrels Oceanites oceanicus are heavier at peak mass than
their later hatched counterparts (Quillfeldt 2001).

As egg volumes and the timing of egg laying and hatching have been shown to have
an important influence on breeding success there is, therefore, potential to make
predictions about an individual’s reproductive outcome based on its egg-laying
characteristics. Gould’s petrels, as with all Procellariiformes, lay a single-egg clutch.
There is considerable intraspecific variation in Gould’s petrel egg sizes, and their
laying period (between mid November and mid December) is only moderately
synchronous (Marchant and Higgins 1990). The effects of egg size and laying date on
breeding outcomes in Gould’s petrels, however, has not been investigated. The aims
of this part of the study were, therefore, to:

1) Examine patterns of variation between individuals in their egg-laying
characteristics.
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2) Determine the level of repeatability of these traits between years.
3) Identify relationships between egg-laying characteristics and measures of
breeding success.
4) Assess the utility of egg-laying characteristics as predictors of breeding
outcomes.

3.2 Methods
This study was performed on Cabbage Tree Island in the 2001/02 and 2002/03
breeding seasons. The island was visited repeatedly from the beginning of egg laying
in mid-November until the end of hatching in late January. Visits to the island were
for approximately one-week periods with approximately one week between each visit.
The duration of these visits sometimes varied by a few days when weather conditions
prevented access to the island.

One hundred and nine Gould’s petrel nests were monitored each year. On the day of
arrival at the nesting site, and then each subsequent day while on the island, these
nests were checked for the presence or absence of eggs. When an egg was found the
laying date was recorded. As the exact laying date of some eggs was unknown due to
the egg being laid during an absence from the island the mid-point between the date
of the last nest check and the date of discovery of the egg was taken as the laying
date.

The lengths and breadths (at the widest point) of eggs were measured to the nearest
0.01 mm with a Mitutoyo electronic digital calliper. Volumes and masses of eggs
were then estimated from the following equations:
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Volume (ml) = Length (cm) * Breadth2 (cm) * 0.51 (Hoyt 1979)
Mass (g) = Length (cm) * Breadth2 (cm) * 0.551 (Warham 1990),

Nest monitoring continued throughout the incubation period until all eggs had either
hatched, become broken, or been abandoned. The hatching date of successful eggs
was recorded and the fate of unsuccessful eggs noted.

There were a number of eggs that hatched during an absence from the island. The
hatching date of these eggs was estimated using skeletal measurements of known-age
chicks. Regular measurements of head, culmen, tarsus, and middle toe lengths of
known-age chicks were taken to the nearest 0.01 mm with a Mitutoyo electronic
digital calliper for the first two weeks after hatching. The size of each variable was
then regressed against age (Zar 1999). Also, as univariate measures are often poor
indicators of overall size (Freeman and Jackson 1990), principle component one
(PC1) from a principle components analysis (PCA) was used as an indicator of the
size of known-age chicks. Combinations of head, culmen, tarsus, and middle toe
lengths were used in the PCA and the resulting PC1 scores regressed against age. The
regression with the highest r2 value was taken as the best predictor of age.
Measurements of a chick of unknown age were taken on the first day it was found.
Their size at this time was then used to estimate their age from the PCA regression,
which had the highest r2 value (see results for details). These estimates were
performed using the inverse prediction platform in JMP 4.0 statistical package, which
also calculates a 95% confidence interval for the prediction.
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The apparent incubation period for each nest was calculated as the time that had
elapsed from egg laying to egg hatching. As the exact laying date, the exact hatching
date, or both were unknown for more than half of the nests, the incubation period for
these nests was calculated from the estimates of laying date and/or hatching date. To
evaluate the accuracy of this estimate the mean incubation period of nests where both
laying date and hatching date were known was compared to the mean estimated
incubation period.

Repeatability of egg characteristics and egg-laying patterns were assessed using
correlation analyses between the laying dates, egg volumes, and incubation lengths of
eggs from the same parents between years. To test for an effect of egg volume on
hatching success, t-tests were used to compare between the mean volumes of
successful versus failed eggs.

The effect of egg volume on hatchling mass was assessed from a regression of chick
mass (on the day of hatching) on egg volume. The effect of egg volumes on hatchling
size was assessed from a regression of PC1 from a PCA of head-bill, tarsus, and
middle toe lengths (on the day of hatching) on egg volume.

Eggs were ranked according to laying date and Mann-Whitney tests were used to test
for an effect of laying date on hatching success. Correlation analyses were performed
between laying dates, egg volumes, and incubation periods in each year of the study
to test for relationships between these variables.
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3.3 Results
3.3.1 Laying dates
From the 109 nests checked each year, there were 102 eggs laid in 2001/02 and 93
eggs laid in 2002/03. The earliest recorded laying date in the 2001/02 breeding season
was before the 13th of November 2001 and egg laying continued until between the 8th
and the 20th of December. In 2002/03 egg laying commenced before the 18th of
November 2002 and continued until between the 11th and the 21st of December. In
both years approximately 80% of all eggs had been laid within fourteen days of the
discovery of the first egg.

3.3.2 Egg sizes
The ranges and means of egg lengths, breadths, and volumes are shown in Table 3.1.
The volume of the smallest eggs was 74% of the largest in both years. Mean egg
volumes of all birds sampled did not differ between consecutive breeding years (t2,191
= 1.36; p = 0.17).
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Table 3.1 Ranges and means of egg measurements in each year of the study. Egg volumes were
calculated from Volume (ml) = Length (cm) * Breadth2 (cm) * 0.51 (Hoyt 1979); Egg masses were
calculated from Warham 1990 (Mass (g) = Length (cm) *Breadth2 (cm)* 0.551)

Egg length (cm)

Egg breadth (cm)

Egg volume (ml)

Egg mass (g)

2001/02

2002/03

Range

46.36-54.44

46.92-55.22

Mean

50.66 ± 0.02

50.70 ± 0.02

Range

39.70-34.75

39.78-34.76

Mean

37.79 ± 0.01

37.49 ± 0.01

Range

31.4-42.7

30.7-41.7

Mean

36.9 ± 0.3

36.4 ± 0.3

Range

33.88-46.01

33.12-45.05

Mean

39.9 ± 0.3

39.37 ± 0.3

3.3.3 Age prediction
There were 29 chicks of known hatching date in 2001/02 and 19 chicks of known
hatching date in 2002/03. The best predictor of age in both 2001/02 and 2002/03 was
the PC1 score from a PCA of head-bill, tarsus, and middle toe lengths regressed on
age (Table 3.2; Figure 3.1)
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Table 3.2 Comparison of variables used to predict the age of chicks where hatching date was
unknown. * Denotes regression with the highest r2 value each year.

Variable

Breeding Season

R2

p

2001/02

0.92

<0.0001

2002/03

0.83

<0.0001

2001/02

0.91

<0.0001

2002/03

0.87

<0.0001

2001/02

0.88

<0.0001

2002/03

0.79

<0.0001

2001/02

0.93*

<0.0001

2002/03

0.89*

<0.0001

Tarsus

Head

Middle Toe

PC1

4

3

2

PC1

1

0

-1

-2
-3
0

5

10

15

20

Age (days)

Figure 3.1 Regression of PC1 (head-bill, tarsus, and middle toe lengths) against age of birds of
known hatching date in 2001/02. (PC1=-2.294+0.353Age, r2=0.93, p <0.0001)
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3.3.4 Incubation period
In 2001/02 the first egg hatched on 31 December. Egg hatching began slightly later in
2002/03 with the first egg hatching on 3 January 2003. In 2001/02, 78 of 102 (76%)
eggs hatched compared with 60 of 93 (65%) in 2002/03. There was no significant
difference between years in hatching success (χ2= 2.67, p = 0.10).

There was no significant difference between the actual incubation period (calculated
from nests of known laying date and known hatching date) and the estimated
incubation period (Figure 3.2; t2, 60 = 0.32, p = 0.75). Therefore, all these data were
combined. The length of the incubation period ranged from 42 days to 61 days in
2001/02 and from 43 to 64 days in 2002/03. The mean incubation periods were 49.8 ±
0.4 (s.e.) days in 2001/02 and 48.7 ± 0.4 days in 2002/03 (Figure 3.3). There was a
significant difference in the mean incubation periods between the two years (t2,134 =
2.07, p = 0.04).

Incubation period (days)

60

50

18

44

actual

estimated

40

Figure 3.2 Comparison of actual versus estimated incubation duration of Gould’s petrels.
Numbers above columns indicate sample size and error bars represent standard error.
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Figure 3.3 Mean incubation period of Gould’s petrels in each year of the study. Numbers above
columns indicate sample size and error bars represent standard error.

3.3.5 Hatchling mass and size
Chicks that were measured on the day of hatching usually had an adult present in the
nest. These chicks, therefore, may have received some food prior to weighing. The
mass of these chicks ranged from 28-60 g (mean, 41.6 ± 9.7) in 2001/02 and from 2741 g (mean, 33.5 ± 3.6) in 2002/03. There was a significant correlation between egg
volume and both the mass of chicks when first weighed and hatchling size (Figure
3.4).
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Figure 3.4 Relationships between egg volumes and the mass and size (PC1 from PCA of head-bill,
tarsus, and middle toe lengths) of chicks on the day of hatching. A) r = 0.597, p = 0.015, n = 16. B)
r = 0.502, p = 0.024, n = 20. C) r = 0.835, p <0.001, n = 16. D) r = 0.510, p = 0.021, n = 20.

3.3.6 Interannual repeatability in egg laying characteristics
Breeding pairs show significant repeatability in successive years in their date of egg
laying (r = 0.59, n = 87, p <0.0001; Figure 3.5) and in egg volumes (r = 0.93, n = 87,
p <0.0001; Figure 3.6). There was no repeatability in the length of incubation period
between these years (r = -0.07, n = 48, p = 0.64).
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Figure 3.5 Interannual repeatability in the date of egg laying (r = 0.59, n = 87, p <0.0001). Day 1
is the first day eggs were laid in the colony.
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Figure 3.6 Interannual repeatability in egg volumes (r = 0.93, n = 87, p <0.0001).
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3.3.7 Relationships between laying date, egg volume, hatching success,
and incubation period
There were no significant relationships between the date of laying and egg volumes in
either the 2001/02 or 2002/03 breeding seasons (r = -0.038, p = 0.706, n = 102; r =
0.177, p = 0.09, n = 93 respectively). Incubation period was not correlated with egg
volume in either season (2001/02; r = 0.188, p = 0.102. n = 77; 2002/03; r = -0.106, p
= 0.425, n = 59). In both seasons, there was a tendency for birds that laid their eggs
later in the season to have shorter incubation periods, however, these trends were not
significant (2001/02; r = -0.049, p = 0.669, n = 78; 2002/03; r = -0.184, p = 0.162, n =
60). Breeding pairs that had shorter incubation periods in 2001/02 laid their eggs
relatively earlier the following breeding season (r = 0.251, p = 0.036, n = 70; Figure
3.7).

Egg volume had no effect on hatching success in either year (2001/02; t2,99, = 0.916, p
= 0.36; 2002/03; t 2,90 = 0.357, p = 0.92). The mean volume of successful and failed
eggs in the 2001/02 breeding season was 37.1 ± 0.3 (n = 78) and 36.5 ± 0.5 (n = 24),
respectively (Figure 3.8). In 2002/03 the mean volume of successful versus failed
eggs was 36.4 ± 0.6 (n = 62) and 36.6 ± 0.3 (n = 30), respectively.

There was no significant effect of laying date on hatching success in either year
(Mann-Whitney U(2),78,24 = 850, p = 0.528; U(2),60,33 = 938, p = 0.757, respectively).
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Figure 3.7The relationship between the incubation period in 2001/02 and the time of egg laying of
the same breeding pair the following year.
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Figure 3.8 Mean volumes of eggs from successful versus failed breeding attempts (open bars =
successful eggs; cross-hatched bars = unsuccessful eggs). Numbers above columns indicate
sample size and error bars represent standard error.
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3.4 Discussion
The physical dimensions of Gould’s petrel eggs measured in 2001-2003 are
comparable to those published previously (Hindwood and Serventy 1941, Marchant
and Higgins 1990). Within each year of this study there is noticeable variation
between individuals in the estimated egg volumes, with the smallest egg being only
74% of the largest. The ranges in size, however, are much smaller than those reported
for other Procellariiformes. In the short-tailed shearwater Puffinus tenuirostris, for
example, the estimated egg volumes ranged from 54.6 ml to 95.2 ml (n = 583), the
smallest being only 57% of the largest (Meathrel et al. 1993a). In the Antarctic petrel
Thalassoica antarctica egg volumes ranged from 57.1 ml to 103.5 ml (n = 300), the
smallest being only 55% of the largest (Amundsen et al. 1996). However, the
coefficients of variation (standard deviation / mean * 100%) of Gould’s petrel eggs
(6.6 % in 2001/02 and 7.1 % in 2002/03) are comparable to the 6.7% value reported
for Antarctic petrels.

Suggested influences on variation in egg size include parental age and experience
(Weimerskirch 1990), body condition and/or size of the female (Croxall 1992),
genetics, laying date (Dittmann and Hotker 2001), and environmental factors
(Birkhead and Nettleship 1984). The age or breeding experience of the Gould’s
petrels studied here is unknown. However, the same pairs were studied in consecutive
years and, therefore, if egg volumes increase with age then the mean volumes would
be marginally higher in 2002/03 than in 2001/02. There was, however, no significant
difference in egg volumes between years. Moreover, the mean egg volume was
slightly lower in the second year of the study. The influence of female condition
and/or size on egg volume will be examined in Chapter 5. However, maternal size and
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body condition were found to have little effect on egg size in short-tailed shearwaters
(Meathrel et al. 1993a)

In both years of this study, egg laying began in the middle of November and
continued until the middle of December. However, most eggs (about 80%) were laid
within less than two weeks of each other. The eggs of fork-tailed storm-petrels
Oceanodroma furcata that are laid earlier in the season have been found to be larger
than late-laid eggs (Boersma 1980). However, no relationship between laying date
and egg volumes was found in Gould’s petrels.

The incubation period for Gould’s petrels ranged from 42 to 61 days in 2001/02
(mean = 49.8 ± 0.4) and 43 to 64 days in 2002/03 (mean = 48.7 ± 0.4). This amongnest variation in incubation periods is likely to reflect differences in parental
incubating effort. Eggs were occasionally found unattended by either parent. These
interruptions in incubation will not necessarily cause hatching failure, but will
increase the incubation period (Warham 1990). Procellariiformes are thought to have
evolved egg-chilling resistance in response to their long incubation shifts and to
distant and/or unreliable food resources (Boersma and Wheelwright 1979). Chilling
resistance allows parents to temporarily cease incubation without suffering embryo
mortality. Therefore, the incubation periods towards the high end of the ranges found
for Gould’s petrels are most likely due to higher levels of egg neglect by the parents
in these nests and the calculated (or apparent) incubation lengths are likely to be an
overestimate of the potential minimum, uninterrupted incubation period.
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The incubation periods of Procellariiformes increase allometrically with body mass of
adults (Warham 1990). Although the body mass of Gould’s petrels varies
considerably throughout incubation, if the previously published mass of 180 g
(Marchant and Higgins) is presumed, then from Warham’s equation the estimated
incubation period for Gould’s petrels would be 47.2 days. This is comparable to the
apparent incubation period found here. There was no correlation between incubation
period and egg sizes or laying date. Nor was there was an effect of laying date on
hatching success

There was high repeatability in each individual female’s egg volumes in consecutive
years (r =0.93, p <0.0001, n = 87). High interannual repeatability in egg volumes has
also been found in oystercatchers (Jager et al. 2000) and Kentish plovers (Amat et al.
2001). Gould’s petrels also showed repeatability in laying date but no repeatability in
incubation length. The length of the incubation period may be due to parental
condition and food availability as birds in poor condition are more likely to neglect
the egg, which will prolong the incubation period (Warham 1990). Environmental
conditions, such as storms, may also prolong incubation if a foraging bird cannot
relieve its partner on the nest (Boersma and Wheelwright 1979). Variations in these
factors may explain the lack of repeatability in Gould’s petrel incubation periods over
this two-year period.

There was no effect of egg size on hatchability found in either year of this study. The
effects of egg size on hatchability vary between species and egg size may be more
important for polar-breeding species than for temperate breeding ones. In Antarctic
petrels, hatching success is positively correlated with egg size (Amundsen et al.
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1996). However, no relationship has been found between egg size and hatching
success in more temperate breeding species, such as short-tailed shearwaters
(Meathrel et al. 1993b) oystercatchers (Jager et al. 2000), or little penguins Eudyptula
minor (Kemp and Dann 2001).

Nest site choice may be of more importance than egg size or laying date to the
hatching success of Gould’s petrel eggs. Petrel eggshells are generally relatively
thinner than other non-passerine birds and eggs of the genus Pterodroma are generally
thinner than other petrels (Warham 1990). Gould’s petrels nest on the ground in
natural rock crevices; often with little (or no) nesting material and egg breakage is
common (personal observation). I have also found eggs that have rolled into cracks
between rocks and are, therefore, unlikely to be incubated properly. Moreover, there
are a number of artificial nest boxes that have been placed on Cabbage Tree Island
that Gould’s petrels readily use for nesting. The hatching success of birds using these
nest boxes are higher than for birds using natural nests (Priddel and Carlile 1995a),
which suggests nest-site choice influences hatching success. The body condition of
parents during incubation could also influence hatching success and this will be
assessed in Chapter 5.

Hatchlings from larger eggs were both heavier and structurally larger (based on PCA
results) than chicks that hatched from small eggs. There were no analyses of Gould’s
petrel egg composition performed in this study, but structurally larger chicks from
larger eggs suggest that larger Gould’s petrel eggs may contain relatively more energy
stores. The mass of short-tailed shearwater eggs has been found to strongly correlate
with the amount of protein and energy content (Meathrel et al. 1993b). Egg size also
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has an affect on hatchling mass and/or size in Antarctic petrels (Amundsen 1996),
oystercatchers (Jager et al. 2000), razorbills Alca torda (Hipfner 2000), and chinstrap
penguins (Belliure et al. 1999).

Potential long-term benefits to Gould’s petrel chicks that hatch from larger eggs were
not assessed here. However, extra energy stores may be important to sustain chicks if
food is scarce in the first few days after hatching (Lack 1968). Thick-billed murre
Uria lomvia chicks that hatch from larger eggs remain relatively heavy after hatching
compared to chicks from smaller eggs (Hipfner et al. 2001) and the early survivorship
of starling Sturnus vulgaris nestlings increases with egg size (Smith and Bruun 1998).
The benefits of larger nestling size tend to diminish with increasing age of the nestling
and also appear to be more important in years when food supplies are poor (Birkhead
and Nettleship 1984, Christians 2002).

It has been suggested that larger eggs may potentially be a disadvantage to adults and
to hatching success (Williams 1994). For example, incubation can be costly to the
parents in terms of energy expenditure and larger eggs may take longer to hatch
(Hipfner et al. 2001). Also, predation risks, to both the incubating bird and the egg,
would increase with a lengthening incubation period.

3.5 Conclusions
Although there was considerable variation in egg volumes and laying dates, and some
year-to-year repeatability in these characteristics, there was little correlation between
these parameters and the measures of breeding success assessed here. There was no
effect of egg volumes or laying date on hatching success. As predictors of breeding
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outcomes, therefore, it appears that intraspecific variations in egg laying
characteristics have only limited value. Egg volumes had an effect on chick size at
hatching though whether larger hatchlings have any long-term advantage over smaller
ones is unknown. It was also found that birds that had a prolonged incubation period
in the first year of the study had a tendency to lay their eggs later in the season the
following year. Costs related to extended incubation periods were found to affect
future laying date in British storm-petrels Hydobates pelagicus (Minguez 1998). The
relationship between incubation period and future laying date in Gould’s petrels may
indicate that there are significant costs involved in prolonged breeding attempts in this
species also.
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Chapter 4

The influence of parental prolactin and

testosterone levels on hatching success

4.1 Introduction
Changes in endocrine patterns have been shown to coincide with changes in parental
behaviour in a wide range of vertebrates, including many bird species (Buntin 1996,
Schradin and Anzenberger 1999, Zeigler and Snowden 2000, Khan et al. 2001).
Among the milieu of hormones associated with changes in avian breeding behaviour,
prolactin and testosterone feature prominently and play important roles at a number of
different stages of reproduction (Farner and Wingfield 1980, Schwabl et al. 1980,
Wingfield et al. 1999).

Circulating levels of prolactin increase with the onset of egg laying in many bird
species and this increase is thought to promote parental behaviour (Johnson 2000). In
some species high levels of prolactin are maintained after the onset of incubation
through frequent contact with the eggs by a positive feedback mechanism (Scanes
2000, Ziegler 2000). However, some seabird species spend extensive time at sea
during incubation and, therefore, have no contact with their eggs or nest for
considerable time. In these species, prolactin levels often remain high despite these
long periods of absence from the nest. It is thought that this sustained period of
prolactin secretion is endogenously controlled and permits parental behaviour to be
maintained without tactile input from the eggs (Lormee et al. 1999, Vleck et al.
2000).
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The breeding cycle of Gould’s petrels is characterised by a long incubation period
during which each member of the breeding pair undertakes relatively long incubation
shifts. Consequently, while one member of the breeding pair incubates, its partner
spends up to three weeks away from the nest replenishing its energy reserves. It might
be expected, therefore, that Gould’s petrels will also show endogenously controlled
patterns of sustained prolactin secretion so that parental behaviour can be maintained
despite a lack of contact with eggs. Patterns of prolactin secretion during breeding in
Gould’s petrels, however, have not been measured.

Testosterone has also been shown to be associated with breeding behaviour in male
birds. High levels of testosterone are often found prior to the incubation period in
breeding males when birds are courting or engaging in aggressive activities such as
competition with other males (Schwabl et al. 1980, Hegner and Wingfield 1986,
Wingfield and Farner 1993). In Gould’s petrels both parents care for offspring. In
such species, testosterone declines rapidly in males once eggs have been laid and
appears to reinforce parental behaviour (Wingfield et al. 1990, Wingfield et al. 1999,
Khan et al. 2001). Moreover, in species where testosterone levels have been
artificially elevated throughout breeding, males show reduced incubation activity
(Buntin 1996, McDonald et al. 2001), which could lengthen the incubation period.

Because of the associations between these hormones and breeding behaviour, it would
be reasonable to suspect that birds with low prolactin and/or high testosterone might
be less inclined to engage in parental behaviour. Consequently, these birds may
experience prolonged incubation periods, a reduction in chick provisioning rate,
reduced chick quality, and, therefore, a reduction in reproductive success. The
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relations between these hormones and reproductive outcomes in Gould’s petrels have
not been previously investigated.

Therefore, the aims of this study were to:
1) Determine levels of prolactin and testosterone in Gould’s petrels during
breeding.
2) Examine the association between these hormones and stages of reproduction.
3) Examine intraspecific differences in prolactin and testosterone levels.
4) Investigate the effects of these hormones on hatching success.

4.2 Methods
4.2.1 Blood sampling and handling
Blood samples were taken from male and female Gould’s petrels during the 2001/02
breeding season and from males only during the 2002/03 season. Birds were first
sampled upon their arrival at the breeding site in October (four to six weeks prior to
egg laying) and then every seven to ten days from egg laying through the incubation
period. Birds were removed from their nest and blood obtained by brachial
venipuncture. Two hundred to five hundred µl of blood was collected in 70-µl
heparinised haematocrit tubes and placed on ice for a maximum of two hours before
centrifugation. Following centrifugation plasma was removed and stored at –20° until
assays were performed.
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4.2.2 Hormone assays
Plasma concentrations of prolactin (PRL) were determined for incubating males and
females in the 2001/02 breeding season. PRL radioimmunoassays were performed at
University of Sydney Veterinary School, Camden. Assays were performed in
triplicate and the mean intra-assay coefficient of variation was 6.6 ± 0.3% (n = 377)

Plasma concentrations of testosterone (T) were determined for incubating males in the
2002/03 breeding season. T radioimmunoassays were performed using a Pantex
Testosterone direct 125I kit. Assays were performed in duplicate and the mean intraassay coefficient of variation for this assay was 7.9%.

Differences between hormone concentrations at various stages of incubation were
analysed using paired t–tests on birds that were sampled at each stage.

Comparisons of plasma PRL concentrations between males and females were
examined using t-tests.

The influence of PRL and T levels on hatching success was assessed using a residual
index. This index was calculated by fitting a smoothing spline with a lambda value of
105 (JMP 4.0) to separate regressions of both PRL (ng/ml) and T (ng/ml) on breeding
day (day relative to egg laying). The residual values of birds that successfully hatched
an egg were then compared to the residual values of those with failed eggs.
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4.3 Results
PRL concentrations increased significantly in both males and females from the time
birds first arrived at the breeding site to the start of egg laying. Males increased from
2.7 ± 0.7 ng/ml 26.3 ± 1.3 ng/ml (t = 12.6, df = 15, p <0.001) and females increased
from 3.1 ± 0.6 ng/ml to and 25.0 ± 1.1 ng/ml (t = 13.2, df = 5, p <0.001). PRL levels
then remained relatively stable in both males and females throughout breeding and at
the beginning of the female’s first incubation shift in week three PRL levels remained
significantly higher than at the pre-breeding stage (t = 16.4, df = 14, p < 0.001;
Figure 4.1)

PRL concentrations were similar between males and females at most stages of
incubation (Figure 4.1). Females had significantly higher PRL levels than males,
however, at the time of the female’s first incubation shift in the third week of
incubation (t = 4.158, df = 82, p <0.001). Also, towards the end of incubation in week
seven, the PRL concentration in the small number of females sampled was
significantly higher than that for males (t = 2.692, df = 12, p = 0.012).

Male T concentrations were highest just prior to their first incubation shift and then
decreased throughout incubation (Figure 4.2).

When males and females were analysed together, the mean PRL residual index of
successful breeders was significantly higher than that of failed breeders (0.227 ±
0.220 and – 0.850 ± 0.430 respectively; t2, 444 = 2.207, p = 0.028; Figure 4.5). When
females were analysed separately the mean residual PRL index of successful female
breeders was also significantly higher than failed breeders (0.345 ± 0.320 and –1.165
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± 0.660 respectively; t2, 182 = 2.202, p = 0.029). This pattern was also evident in
males, however, there was no significant difference between the mean residual PRL
index of successful males versus failed males (0.202 ± 0.29 and –0.818 ± 1.150
respectively; t2, 260 1.581, p = 0.115; Figure 4.5).

The mean T residual index of successful breeders (- 0.020 ± 0.040) was not
significantly different from that of failed breeders (0.070 ± 0.080; t2,215 = 1.103, p =
0.271; Figure 4.5).

60

PRL (ng/ml)

A

40
35
30
25
20
15
10
5
0

2

56

8

53

2
49

10 57

31

13

24

62 6

5

12
12

27 26
arrival

laying

inc. wk 2

inc. wk 3

inc. wk 4

inc. wk 5

inc. wk 6

end inc./
brooding

provisioning

50

B

PRL (ng/ml)

40

30

20

10

0
-60

-40

-20

0

20

40

60

Breeding day

Figure 4.1 Changes in male and female PRL concentration throughout incubation. A) Mean PRL
by week relative to laying date; Males open columns, Females speckled columns. B) Regression of
PRL concentration on breeding day. Males broken line, open symbols; females solid line, filled
symbols. Breeding day 0 = laying day. Approximate male and female incubation shifts are shown
as dashed and solid lines respectively. Numbers above columns indicate sample size and error
bars are standard deviation.
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4.4 Discussion
Plasma prolactin (PRL) concentration in both males and females varied considerably
over the course of breeding, in a similar pattern to that shown by other
Procellariiformes (Hector et al. 1986). In Gould’s petrels, however, peak levels of
prolactin during incubation (26 ng/ml for males and 29 ng/ml for females) were
considerably higher than those measured in other Procellariiformes. In wandering
albatrosses Diomedea exulans PRL concentrations are below 20 ng/ml at their peak
during incubation, and in black-browed albatrosses D. melanophris and grey-headed
albatrosses D. chrystoma levels are never above 16 ng/ml during incubation. The
average length of the Gould’s petrel incubation shift is approximately 16 days
(Priddel and Carlile unpublished data), which is relatively long for their body mass
(Figure 4.6).
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Figure 4.6 Mean incubation shift of 31 species of Procellariiformes in relation to body mass.
Gould’s petrels are indicated by filled symbol, all other species by crosses. y = 1.33x0.262 , r 2 =
0.316, p = 0.001. Data from Warham (1990). 95% confidence limits are also shown.
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While the incubating bird sits on the egg, its partner feeds at sea and is, therefore,
absent from the nest for this period. As PRL has been shown to promote parental
behaviour in birds (Buntin 1996), the high levels of PRL found in Gould’s petrels
may be of selective advantage to assure that the incubating bird stays on the egg for
such a long period while fasting and also to ensure the off duty bird returns for its
incubation stint.

During the four to six-week period from when Gould’s petrels first arrive on Cabbage
Tree Island there was about an eight-fold increase in the PRL levels of both males and
females. PRL levels then remained high during the male’s first incubation shift and,
when females returned for their first incubation shift in week three or four, their levels
of PRL were equally elevated. At the beginning of the male’s second incubation shift
levels of PRL were still high. Around the time of hatching, PRL levels had started to
decrease slightly but were still significantly higher than base levels found prior to egg
laying. In wandering albatrosses, PRL is high at egg-laying and then decreases during
the first part of incubation before increasing again during the middle and later parts of
incubation (Hector et al. 1985). No such pattern was found in Gould’s petrel PRL
levels, which instead remained high during the entire incubation period, similar to
patterns found in black-browed albatrosses and grey-headed albatrosses (Hector et al.
1986).

In many species continued PRL secretion is linked to tactile input from eggs and/or
chicks and PRL levels decrease after the removal or loss of nests or eggs (Chastel and
Lormee 2002, Vleck 2002). During incubation, PRL levels of Gould’s petrels
returning from their period at sea were not taken prior to their return to the nest and,
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therefore, tactile stimulation of PRL secretion at this time cannot be ruled out.
However, the fact that both males and females had elevated PRL levels very soon
after their return to the nest and that levels remained high during provisioning when
nest contact is minimal, suggests that tactile stimuli may be less important for the
stimulation of PRL secretion in this species. Both male and female Gould’s petrels
spend extended periods absent from the nest while their partner incubates the egg and,
therefore, an endogenous mechanism of PRL secretion may be operating in this
species. Several species that have long periods of parental care and are away from the
nest for long periods have less reliance on tactile stimuli for continued PRL secretion
and a programmed endogenous mechanism of PRL secretion has been proposed. PRL
levels of Adelie penguins Pygoscelis adeliae, for example, remain elevated during
absences from the nest and, therefore, are largely independent of contact with the egg
or chick (Vleck et al. 2000). This persistent PRL secretion without tactile stimulation
is also evident in both the king penguin Aptenodytes patagonicus and in the emperor
penguin A. forsteri, which also spend considerable time away from the nest (Garcia et
al. 1996, Jouventin and Mauget 1996, Lormee et al. 1999). Tactile stimulation is not
solely responsible for PRL secretion in wandering, grey-headed, and black-browed
albatrosses, which also have extended breeding periods (Hector and Goldsmith 1985).

The PRL levels of female Gould’s petrels were consistently higher than those of
males throughout incubation. Although this pattern is common in birds, and has been
shown for several seabird species, (Hector et al. 1985, Garcia et al. 1996, Lormee et
al. 1999, Lormee et al. 2000), there are no significant differences between sexes in
black-browed and grey-headed albatrosses (Hector and Goldsmith 1985). Differences
between sexes in PRL levels are related to the relative amount of parental care each
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sex provides. Female PRL levels are usually higher than males, but in species where
males incubate exclusively or for considerably longer periods than females, the males
have higher PRL levels (Vleck 2002). Male and female Gould’s petrels share parental
care more or less evenly, however, the male often performs a greater share of
incubation duties. The fact that female Gould’s petrels have higher PRL levels during
the incubation period than males despite having a lesser role in incubation may be
related to the longer period that they are absent from the nest. Female Gould’s petrels
spend up to three weeks away from the nest while the male performs the first
incubation shift. Maintenance of parental behaviour may, therefore, be facilitated
during this absence by higher PRL in females. Lormee et al. (2000) suggest that the
higher levels of prolactin in female than in male masked boobies Sula dactrylatra,
red-footed boobies Sula sula, red-tailed tropicbirds Phaeton rubricauda, and may be
necessary to maintain parental behaviour in these species, as the females spend a
longer period away from the nest than males.

Testosterone (T) levels in males showed an almost inverse relation to PRL. The
highest levels were found prior to incubation and then decreased significantly during
the male’s first incubation shift. On return for their second incubation shift T levels
had increased slightly, but were still well below pre-laying levels. This pattern is
typical of a monogamous species, such as Gould’s petrels, where there is biparental
care, where long-term pair bonds are formed, and where male-male competition is
low (Wingfield et al. 1990). Relatively high levels of T prior to incubation are
common in birds and are associated with aggressive behaviour such as nest defence
and mate guarding (Schwabl et al. 1980, Hegner and Wingfield 1986, Wingfield and
Farner 1993). In Gould’s petrels there is competition and aggression prior to egg
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laying when breeders are reclaiming nest sites. Once pair bonds have re-formed and
nests have been re-established, however, competition between males is relatively low
(personal observation). The decrease in T (in combination with high PRL) after eggs
are laid, is likely to reinforce the change in behaviour from aggressive tendencies to
parental care at this time. In other species of Procellariiformes, where T levels during
incubation have been measured, similar patterns in circulating T were found. In
wandering albatrosses, black-browed albatrosses, and grey-headed albatrosses, T
levels are high prior to egg laying and are correlated with periods of nest defence
(Hector et al. 1985, Hector et al. 1986). In these three albatross species, T levels
decrease markedly during early incubation similar to the pattern found for Gould’s
petrels. There is a significant increase in T levels towards the end of incubation in the
wandering albatross (Hector et al. 1985). This pattern was not found for Gould’s
petrels and no such increase has been reported for either black-browed albatrosses or
grey-headed albatrosses (Hector et al. 1986).

There was an association between circulating hormone levels and hatching success.
Mean PRL levels (as indicated by the PRL index) of a breeding pair that failed to
hatch their egg were significantly lower than that of pairs that produced a chick.
When males and females were analysed separately the association between PRL
levels and hatching success was significant in females and, although not significant in
males they tended to show a similar pattern. Because PRL promotes incubation
behaviour in birds (Buntin 1996), it is likely that birds with lower levels of PRL
throughout incubation are less inclined to incubate their eggs for long periods. If low
PRL levels are accompanied by low body condition in certain birds, then nest
abandonment is very likely. Incubating petrels have been shown to abandon their egg
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at a body mass threshold if their mate does not relieve them in time (Ancel et al.
1998). Therefore, the effects of low prolactin on hatching success may be more
pronounced in birds that have lower body condition during incubation. In short-tailed
shearwaters an association between PRL and body condition has been found
(Weimerskirch and Cherel 1998). Short-tailed shearwaters alternate between long and
short foraging trips during chick rearing. The long trips are necessary for the adult to
recuperate if their condition is low, however, long trips reduce the amount of food
going to the chick. Weimerskirch and Cherel suggest that low prolactin, due to low
body condition, induces birds to perform a long foraging trip. Therefore, the lower
levels of PRL in Gould’s petrels that failed to hatch their egg may be an indicator of
poor body condition and, hence, low PRL acts as an inducement for the adult to
neglect its egg in favour of its own condition. The relationship between PRL and body
condition will be examined in Chapter 5.

Although not statistically significant, T levels of incubating males tended to be higher
in males with failed nests. Male birds that have elevated levels of T generally spend
less time involved in parental care (Hegner and Wingfield 1986, Ziegler 2000,
McDonald et al. 2001, Peters et al. 2002) and high levels of T have been shown to
interrupt incubation (Buntin 1996). Therefore, male Gould’s petrels with higher levels
of T during incubation may be less inclined to sit through their long incubation shifts.
Also, Buntin (1996) suggested that a decrease in gonadal steroid concentrations may
be required for the prolactin-induced incubation behaviour to be expressed. Therefore,
the inducement to incubate may be lower in Gould’s petrels that have higher T levels
during incubation because of a reduction in the effects of a given level of PRL on
incubation behaviour.
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In conclusion, the changes in both prolactin and testosterone levels throughout the
breeding cycle of Gould’s petrels corresponded strongly with changes in breeding
behaviour. The patterns found here were similar to those found in other
Procellariiformes, however, levels of prolactin were higher than previously reported
for petrels. This may be due to the relatively long incubation periods and long
absences from the nest that characterise the Gould’s petrels breeding cycle. Females
had higher PRL levels than males throughout incubation, which may be related to
females requiring high PRL levels to reinforce parental behaviour during their
protracted absences from the nest.

As with other biparentally breeding species, there was a decrease in T after egg
laying. Failed breeders tended to have lower levels of PRL and higher levels of T than
successful breeders. These relationships, although weak, may improve predictions of
breeding success from an individuals hormone levels during incubation.

71

Chapter 5 Changes in body mass and blood haemoglobin
concentration during breeding in Gould’s petrels

5.1 Introduction
Gould’s petrels are long-lived, monogamous seabirds, and breeding pairs show longterm mate fidelity (Priddel and Carlile 1997). Like all Procellariiformes their breeding
cycle is characterised by extended incubation and chick-rearing periods (Warham
1990), and both males and females incubate the egg and contribute to the rearing of
chicks.

Gould’s petrels return to their breeding ground (Cabbage Tree Island) around midOctober to re-form pair bonds, reclaim nest sites, and possibly to mate. They then
leave Cabbage Tree Island and return to sea—the female to form a single large egg
that is approximately 20% of her body mass and the male to accumulate sufficient
energy stores for the extended first incubation shift, which can last for up to three
weeks (Nicholas Carlile personal communication). The female remains at sea during
the male’s first shift and prepares for an incubation period of up to two weeks when
she takes over incubation duties. The male then returns for a second stint of
incubation and often remains on the egg until it hatches. In cases of prolonged
incubation, the female may return for a second incubation shift. Both male and female
petrels reportedly fast during their respective incubation shifts (Warham 1990) and,
therefore, large fluctuations in body mass are likely to occur throughout the
incubation period.
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For their body size Procellariiformes produce large eggs (Warham 1990), which
contain relatively large amounts of yolk compared to other species (Meathrel et al.
1993b). For the female to produce this relatively large egg, and for both members to
endure their long fasting periods, the body condition of parents early in the breeding
season is likely to be important for successful reproduction. Studies of other
Procellariiformes including wandering albatrosses Diomedea exulans have suggested
that female body condition affects the size of their eggs and, hence, hatchling size
(Croxall et al. 1992). Incubation shifts as long as Gould’s petrels have been recorded
in the similarly-sized blue petrel Halobaena caerulea, and the incubating bird will
abandon its egg if it is not relieved by its partner before reaching a critical body mass
threshold (Chaurand and Weimerskirch 1994, Ancel et al. 1998). The influence of
parental condition on reproductive outcomes in Gould’s petrels, however, has not
been evaluated.

In addition to body mass variation during breeding, there are often changes in blood
composition. For example, breeding short-tailed shearwaters Puffinus tenuirostris
show significant variation in blood oxygen carrying capacity that is associated with
breeding stage. Blood haemoglobin (Hb) content of these birds increases during
periods of high activity, such as during chick provisioning, when they fly long
distances to and from feeding areas (Davey et al. 2000). Precisely where Gould’s
petrels go to forage during breeding is not known but it is suspected that they also fly
extensive distances. Therefore, fluctuations in Hb content might be expected in
Gould’s petrels in relation to changes in the aerobic demands of reproductive activity.
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Changes in blood constituents may also be influenced by body condition. For
example, the body mass of great tits Parus major is positively correlated with Hb
content (Dufva 1996) and plasma levels of prolactin are correlated with condition in
short-tailed shearwaters (Weimerskirch and Cherel 1998) and in king penguins
Aptenodytes patagonicus (Cherel et al. 1994). These relationships, however, have not
previously been examined in Gould’s petrels.

If parental body condition were found to affect the outcome of a current and/or future
breeding attempts, then the ability of an individual to consistently attain good body
condition would importantly affect their lifetime breeding success. However, the
acquisition of sufficient resources to attain good body condition may require a large
amount of effort. Therefore, due to possible costs of high parental effort, and tradeoffs between investment in current and future reproduction (Stearns 1992), an
individual that attains good body condition for a given breeding attempt may not be
capable of attaining such condition for its next breeding effort. For better
understanding of the trade-offs associated with the life-history strategies of this
species, it is of interest to know how individual body condition varies during
breeding.

Body condition of breeding birds may also play a role in mate choice. For
monogamous species that form long-term pair bonds, such as Gould’s petrels, mating
with a physically fit partner should importantly influence lifetime breeding success.
For example, a high quality bird choosing a poorer quality mate may be greatly
reducing its reproductive potential. Divorce between mates of different quality is
possible, however, this can also be costly as re-forming pair bonds can be time
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consuming (Ligon 1999). This suggests that individuals would benefit by carefully
choosing mates when they first pair. Assortative mating based on age has been found
to occur in wandering albatrosses (Jouventin et al. 1999), however, the age of the
Gould’s petrels studied here is not known and so age-based assortative mating cannot
be examined. However, mate choice based on body condition has been found to occur
in American kestrels Falco sparverius (Bortolotti and Iko 1992). If condition is an
important factor governing reproductive success in Gould’s petrels then it would
make sense for good quality individuals to choose mates that are in similar, or better,
body condition. The effect of body condition on mate choice in Gould’s petrels,
however, is not known.

The main aims of this part of the study, therefore, were to:
1) Examine patterns of body mass and blood haemoglobin (Hb) content in
relation to the stage of reproduction
2) To examine the relationships between body condition and hatching success.
3) To investigate the year-to-year repeatability of individual body condition.
4) To examine whether body condition covaries in mated pairs.
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5.2 Methods
Cabbage Tree Island was visited repeatedly between mid-October (approximately
four to six weeks prior to egg laying) and the end of May in both the 2000/01 and the
2002/03 breeding seasons. Breeding adults were weighed every seven to ten days
during incubation and whenever they were captured during chick provisioning. Mass
measurements were made to the nearest gram with a 300-g Pesola spring scale.

Answering the questions posed in this study requires an assessment of body condition
to be made. The most accurate method of estimating condition in birds is by carcass
analysis (Brown 1996). However, because this method involves destruction of the
study animals, it is unsuitable where the condition of individuals is to be followed
through time. For such studies, indirect estimates of body condition are commonly
used whereby the ratio of body mass and overall size, as measured by external
morphometrics, is used to calculate an index of body condition.

Because body size cannot be accurately determined from any univariate measure in
birds (Freeman and Jackson 1990), size estimates were based on multiple skeletal
measures. Measurements of head-bill length (h), culmen length (c), tarsus length (t),
middle toe length, and bill depth (bd), were taken to the nearest 0.01 mm with a
Mitutoyo electronic digital caliper (Figure 5.1). The first factor (PC1) of a principle
components analysis (PCA) was used as an estimate of overall body size (Rising and
Somers 1989, Brown 1996, Jakob et al. 1996). Body mass was regressed on PC1 to
calculate the expected body mass of an individual for its size. An index of body
condition for each individual was calculated as the difference between its actual body
mass and the body mass predicted from the regression (Green 2001). Body condition
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indices were calculated at the pre-breeding stage in October (approximately six weeks
prior to egg laying), at the beginning of each bird’s incubation shift, at seven to ten
days into each bird’s first incubation shift, and at the beginning of the male’s second
incubation shift.

Head-bill

Culmen

Tarsus
Middle Toe

Bill Depth

Figure 5.1 Morphometrics used to calculate body condition index of Gould’s petrels

Blood haemoglobin (Hb) concentration (g/dl) was measured throughout the breeding
cycle using a Hemocue B-Hemoglobin photometer (Hemocue, Angelholm, Sweden).
Blood samples of approximately 5 µl were obtained by brachial venipuncture and Hb
content was measured immediately after the puncture was made. Comparisons
between Hb concentrations at different stages of incubation were performed using
repeated measures ANOVA on males that were sampled in weeks one, three, and six.
A paired t-test was used to compare between females sampled in weeks 1 and 5.
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The relationship between body condition and Hb concentration was examined using
correlation analyses of each individual’s BCI and its Hb concentration at the prelaying stage (mid October) and at various stages of incubation. Because of the smaller
sample sizes at the pre-laying stage, male and female data were pooled for these
analyses. At all other stages of incubation, males and females were analysed
separately. Correlation analyses were performed between the BCI of each individual
and its prolactin level at various stages of reproduction (see Chapter 3).

Correlation analyses were also performed to examine the relationship between an
individual’s body condition at the start of the breeding period and its body condition
throughout incubation. These analyses were performed between male BCI at the prebreeding stage and at the start of their first incubation, and at the beginning of their
second incubation shift. Correlation analyses were also performed between the BCI of
females at the pre-breeding stage and at the beginning of their first incubation shift.

Year-to-year repeatability in body condition and Hb was examined using correlation
analyses between the average BCI of the pair throughout incubation in consecutive
years. Correlation analyses were also performed of the BCI and Hb of each individual
at the various stages of incubation in consecutive years.

The influence of female body condition on egg volumes (see Chapter 3 for egg
volume calculations) was examined using correlation analyses between the BCI of
females at the pre-laying stage and their egg volumes. To assess the effect of parental
body condition during incubation on egg hatchability, the average BCI of both parents
were compared between failed and successful hatchings and the condition of
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individuals at the various stages of incubation was also compared between failed and
successful hatchings.

Condition-based mate choice was assessed using correlation analyses between BCI of
the male and female members of a pair at the various stages of incubation.

All measurements are stated as means ± one standard error.

5.3 Results
5.3.1 Body mass changes
At the pre-laying stage in October 2001/02 (week minus 6), males had a mean body
mass of 199 ± 2 g (n = 28) and females had a mean body mass of 194 ± 3 g (n = 24;
Figure 5. 2). There was no significant difference between the mean body mass of
males and females at this time (t2, 50 = 1.129, p = 0.26). Between October and the
beginning of incubation male body mass increased to a mean of 220 ± 2 g (n = 91),
with the largest individual increase during this period being 53 g. The heaviest males
weighed were those that had returned to their nest several days prior to egg laying.
These birds then lost body mass while waiting for their mate to return.

Males lost approximately 15% of their body mass during their first incubation shift to
a mean of 188 ± 3 g (n = 33) in week three. By week six most of the males had
returned for their second incubation shift and had again increased their mass to a
mean of 198 ± 2 g (n = 66). Males then lost approximately 10% of their body mass
during their second shift to a mean of 178 ± 5 g (n = 7) near the end of incubation in
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week seven. Relatively few birds were caught following incubation, however, the
mean mass of these birds was highly variable, averaging 186 ± 7 g (n = 5) in week 10,
176 ± 9 g (n = 3) in week 12, and 187 ± 5 g (n = 12) in week 15.
Females that were captured just after egg laying in 2001/02 had decreased in mass to
a mean of 185 ± 4 g (n = 13) from a mean of 194 ± 3 g (n = 24) at the pre-breeding
stage in October. At the time of their first incubation shift in week three, however,
females had increased to a mean mass of 219 ± 2 g (n = 53). The largest increase by
an individual female from pre-laying to the start of incubation was 42 g. While
incubating, females lost approximately 12% of their body mass to a mean of 193 ± 3 g
(n = 22) in week 5. There were also fewer females caught following incubation,
however, the mean mass of females weighed in week 15 was 174 ± 5 g (n = 9). There
was no significant difference in the mean masses of males and females at this stage
(t2, 19 = 1.871, p = 0.08).
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Figure 5.2 Changes in body mass of adult Gould’s petrels throughout the breeding cycle in
2001/02. Male – solid line, filled symbols; female – broken line, open symbols. Day 0 is the day of
egg laying.
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Figure 5.3 Changes in body mass of adult Gould’s petrels throughout the breeding cycle in
2002/03. Male – solid line, filled symbols; female – broken line, open symbols. Day 0 is the day of
egg laying.

Variations in the body mass of males in 2002/03 followed a similar pattern to 2001/02
(Figure 5.3). Mean mass increased by 21 g from 198 ± 2 g (n = 59) at the pre-laying
stage to 222 ± 2 g (n = 97) at the beginning of incubation. The largest individual
increase during this period was 59 g. The heaviest individuals were, as in the previous
year, those that returned several days prior to egg laying in anticipation of the return
of their mate. During incubation mean male body mass decreased to 178 ± 3 g (n =
27) in week three (a loss of approximately 20% of their body mass) near the end of
the first incubation shift. When most males returned for the second incubation shift in
week six mean mass had increased to 208 ± 2 g (n = 50). Mass then decreased to a
mean of 185 ± 2 g (n = 53), a loss of approximately 11% of body mass, towards the
end of incubation in week seven. The males that had incubation periods extending
into week eight had a mean mass of 174 ± 8 g (n = 4). Males that were captured after
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the incubation period had a mean mass of 183 ± 7 g in week 10 (n = 6) and 183 ± 7 g
(n = 6) in week 16. Mean male body mass was significantly higher when they
returned for their second incubation shift in 2002/03 than in 2001/02 (t2, 114 = 3.283, p
= 0.001). There were no significant differences between years in mean male body
masses at any other stage of incubation (p > 0.12 for all comparisons).

In 2002/03, females had a mean body mass of 194 ± 3 g (n = 37) at the pre-laying
stage. These values decreased to a mean of 187 ± 3 g (n = 21) just after egg laying but
then increased to 217 ± 4 g (n = 16) by the beginning of the first incubation shift in
week three. The largest individual increase by a female between the pre-laying period
and the start of its incubation shift was 43 g. In week five—near the end of female
incubation—females had lost approximately 16% of their body mass to a mean of 182
± 2 g (n = 38). Females that were weighed after the incubation period had a mean
mass of 180 ± 7 g (n = 5) in week 12.

The mean mass of females at the end of their incubation shift was significantly lower
in 2002/03 than in 2001/02 (t2, 58 = 3.090, p = 0.003). There were no differences
between years in mean female mass at any other stage of incubation.

5.3.2 Haemoglobin changes
At the pre-laying stage in October, male Hb concentrations were 17.6 ± 0.2 g/dl (n =
28) and 17.5 ± 0.2 g/dl (n = 50) in 2001/02 and 2002/03, respectively (Figures 5.4 and
5.5). In 2001/02, male Hb concentration at the beginning of incubation was 18.6 ± 0.2
g/dl (n = 21). Hb then decreased significantly between week one and week three,
while males were incubating, to 17.3 ± 0.1 g/dl. (n = 22, p <0.05). In week six male
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Hb concentrations remained significantly lower than at the beginning of incubation
(17.2 ± 0.2, n = 22, p < 0.05).

Mean female Hb concentrations, were slightly lower than for males at most stages of
the breeding cycle (Figures 5.4 and 5.5). The highest Hb concentrations were found at
the time of egg laying with a mean of 17.9 ± 0.3 g/dl and 17.6 ± 0.3 g/dl in 2001/02
and 2002/03, respectively. In 2001/02, mean female Hb concentration was
significantly lower during their first incubation shift than at the time of egg laying
(16.9 ± 0.3, df = 9, p <0.05).
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Figure 5.4 Changes in haemoglobin concentration in adult Gould’s petrels during the breeding
cycle in 2001/02. Males – solid line, filled symbols; Females – broken line, open symbols. Day 0 is
the day of egg laying.
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Figure 5.5 Changes in haemoglobin concentration in adult Gould’s petrels during the breeding
cycle in 2002/03. Males – solid line, filled symbols; Females – broken line, open symbols. Day 0 is
the day of egg laying.

5.3.3 Maintenance of BCI throughout incubation
There was no significant correlation in either year between male BCI at the prebreeding stage in October and BCI at any stage of incubation. There was, however, a
significant positive correlation between the BCI of males at the beginning of their first
incubation shift and their BCI at the beginning of their second incubation shift in both
years (Figure 5.6).
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Figure 5.6 Relationships between body condition indices measured at various stages of
incubation. A Males 2001/02 (r = 0.576, p <0.001, n = 70); B) Males 2002/03 (r = 0.409, p = 0.002, n
= 57); C) Females 2001/02 (r = 0.593, p = 0.005, n = 21); D) Females 2002/03 (r = 0.459, p = 0.018,
n = 26).

Correlation analyses revealed that there was also a significant positive relationship
between the body condition of females at the pre-laying stage and their body
condition eight to nine weeks later at the beginning of their incubation shift (Figure
5.6).
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5.3.4 Relationships between BCI and blood constituents
There was no correlation between the body condition index (BCI) and the
haemoglobin concentration of male and female data combined at the pre-laying stage
in either 2001/02 or 2002/03 (n = 60, r = -0.158, p = 0.228; n = 85, r = 0.042, p = 0.70
respectively). Similarly, there was no significant relationship between BCI and Hb
content of either males or females at the start of their respective incubation shifts in
2001/02 (Figure 5.7; Males: r = 0.205, p = 0.054, n = 89; Females: r = 0.019, p =
0.865, n = 84). However, in 2002/03 there was a significant positive relationship
between Hb and BCI in both males and females at this time (Males: r = 0.227, p =
0.045, n = 79; Females: r = 0.312, p = 0.006, n = 76). There was no correlation
between male BCI and Hb at the beginning of their second incubation shift in either
year (r = 0.053, p = 0.649, n = 74 and r = 0.200, p = 0.135, n = 57 respectively). In
contrast, there was a significant positive relationship between body condition and
prolactin concentration at the beginning of the male’s second incubation shift (r =
0.280, p = 0.037, n = 56).
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Figure 5.7 The relationships between body condition indices (BCI) and haemoglobin (Hb)
concentrations at the start of incubation. A) Males 2001/02. B) Males 2002/03. C) Females
2001/02. D) Females 2002/03.

5.3.5 Interannual repeatability of body condition and Hb concentration
Birds that were in relatively good condition in the first year of this study also tended
to be in relatively good condition the following year. The correlation analyses of BCI
in successive years shows that if the average BCI of a breeding pair was high
throughout incubation in 2001/02, it was also high in 2002/03 (Figure 5.8). There was
also significant repeatability of the BCI of individuals (male and female data
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combined) at the pre-laying stage. Males that had a relatively high BCI at the start of
their first incubation shift in 2001/02 also had a relatively high BCI at the start of
incubation in 2002/03. There was no significant relationship between female BCI at
the beginning of the first incubation shift in 2001/02 and her BCI at the beginning of
incubation in 2002/03.
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Figure 5.8 Repeatability of BCI in successive years. A) Average condition of pair throughout
incubation: r = 0.462, p <0.001, n = 87, B) Males and females at the pre-breeding stage: r = 0.490,
p= 0.028, n = 20, C) Males at the beginning of their first incubation shift: r = 0.470, p <0.001, n =
73, D) Females at the beginning of their first incubation shift: r = 0.201, p = 0.102, n = 67).
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The correlation analyses of Hb concentration in successive years showed a tendency
for birds with relatively high Hb concentrations in 2001/02 to also have relatively
high Hb concentrations in 2002/03 (Figure 5.9).
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Figure 5.9 Repeatability of haemoglobin concentrations (Hb) in successive years. A) Males and
females at the pre-breeding stage (r = 0.458, p = 0.060, n = 18); B) Males at the beginning of their
first incubation shift (r = 0.410, p <0.001, n = 69); C) Males during their first incubation shift (r =
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The repeatability in the Hb levels of Gould’s petrels (males and females pooled) at the
pre-laying stage was not quite significant. However, males at the start of (and during)
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their first incubation shift showed highly significant repeatability in their Hb
concentrations. Females at the beginning of their incubation shift also showed high
repeatability between years in Hb concentrations (Figure 5.9).

5.3.6 Influence of adult body size and BCI on egg volume
There was no significant effect of either male or female size (PC1) on egg volumes in
either year (2001/02; r = 0.169, n = 99, p = 0.094; 2002/03; r = 0.146, n = 88, p =
0.175). There was, however, a significant positive correlation between the BCI of
females at the pre-breeding stage and the volume of their egg in both years (Figure
5.10).
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Figure 5.10 The relationship between female body condition at the pre-breeding stage and egg
volumes. 2001/02: r = 0.407, p = 0.043, n = 25. 2002/03: r = 0.489, p = 0.003, n = 34.

5.3.7 Intrapair body condition relations
There were some significant relations between the BCI of males and females of a
breeding pair during incubation. The relation between the BCI of males during their
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first incubation shift and the BCI of their partner at the beginning of its incubation
shift in 2001/02 was not statistically significant, however, there was a significant
positive relationship between the condition of the female during her first incubation
shift and the condition of her partner when he returned for his second incubation shift
(Figure 5.11). A correlation analysis between the PC1 scores of the male and the
female of a breeding pair showed no significant relationship, which suggests that size
is not a factor in mate choice (r = 0.107, p = 0.282, n = 103).
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5.4 Discussion
5.4.1 Changes in body mass during incubation
The body mass of Gould’s petrels varied considerably throughout the breeding period
in both years of this study. There was, however, little difference in patterns of body
mass change between the two years. Body masses of males and females were
statistically indistinguishable at around six weeks prior to egg laying in both years.
However, the mass at this time, approximately 199 g for males and 194 g for females,
is higher than the 181-186 g previously reported for Gould’s petrels (Marchant and
Higgins 1990). These differences may relate to the fact that body mass of breeding
birds is largely dependent upon the stage of breeding at which measurements are
taken. The higher than previously recorded masses found here may be because birds
at this time had already begun to accumulate fat stores for the ensuing breeding
period. The previously reported masses of Marchant and Higgins (1990) were taken
from both breeding and non-breeding birds in December. The non-breeders would be
unlikely to have accumulated fat stores, as they do not have to fast during incubation
and the breeding birds would have already begun incubation and, therefore, would
have already lost considerable body mass while fasting.

Males gained approximately 10% in body mass (approximately 20 g) during the four
to six-week pre-laying period. Females, by contrast, are about 10 g lighter after egg
laying than their pre-laying levels. Given the fact that this egg weighs an average of
40 g (see Chapter 3), this suggests that females actually gain around 30 g during this
time and, like males, are also acquiring considerable extra resources during this time.
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The male’s first incubation shift lasted for up to three weeks, during which time they
lost approximately 16% of their body mass. Towards the end of this period their mean
body mass was approximately 186 g, which was below their mass of approximately
198 g at the pre-breeding stage. Incubation shifts of the lengths that Gould’s petrels
perform are normally restricted to larger petrels (see Figure 4.6). Fasting endurance is
inversely related to body mass in birds (Kendeigh 1945) and, in petrels, there is a
relationship between body mass and length of incubation shift (Warham 1990). Male
Antarctic petrels Thalassoica antarctica, for example, have a first incubation shift of
up to 23 days (Lorensten and Rov 1995). At around 600 g, however, they are
considerably larger than Gould’s petrels and, therefore, would be expected to have a
greater fasting capacity. That Gould’s petrels fast for a period that is similar in length
to the much larger Antarctic petrel may be related to breeding location. Antarctic
petrels breed in polar regions, where temperatures fluctuate between -1˚ C during the
day and -15˚ C at night (Lorensten and Rov 1995). Energy demands for
thermoregulation are inversely related to ambient temperature and, therefore,
incubation would be more energetically costly under polar conditions (Blem 2000,
Dawson and Whittow 2000) than at the relatively thermally benign breeding location
of Gould’s petrels, Cabbage Tree Island. This may allow Gould’s petrels to incubate
for a longer period than expected based on their size. Moreover, there are other
species of petrel in the genus Pterodroma, such as the great-winged petrel P.
macroptera, the mottled petrel P. inexpectata, and the soft plumaged petrel P. mollis,
which also have longer incubation shifts than predicted for there size (Harris 1970,
Imber 1976, Warham 1990) and which also breed at locations that are thermally
benign (Harrison 1983).
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When females relieved the males their body mass had increased to a level
approximately 13% (25 g) above that found at the pre-laying stage and was similar to
male mass at the beginning of their incubation shift. Although the female’s first
incubation shift is shorter than the male’s (up to about two weeks), they also lost
considerable body mass during this time (approximately 12%).

Male masses at the beginning of their second incubation shift varied significantly
between years (198 ± 2 g and 208 ± 2 g in 2001/02 and 2002/03, respectively) but in
both years males had increased their body mass during the time females were
incubating. The difference in the extent of re-provisioning between years was
presumably due to differences in food availability.

Although few birds were measured after the incubation period, the mass of those
caught approximated the mass of incubating birds towards the end of their incubation
shifts. Weight loss while raising chicks is not unusual in birds and has been noted in
black-legged kittiwakes Rissa trydactyla (Golet and Irons 1999) and in Bulwer’s
petrels Bulweria bulwerii (Whittow 1994). Moreover, the body mass of blue petrels
Halobaena caerulea during chick provisioning is close to the mass at which they
desert their egg during incubation (Chaurand and Weimerskirch 1994).

Although low body mass of Gould’s petrels during provisioning may demonstrate that
reproduction incurs appreciable costs (Nur 1984), a decrease in body mass of parents
at this stage may, in fact, be a strategy to reduce the amount of energy required for
flight (Norberg 1981, Witter and Cuthill 1993). Gould’s petrels fly extensive
distances to and from foraging sites, with a food load of up to 39 g (see Chapter 6) on
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the return trip. Because the energetic costs of flight increase with body mass (Norberg
1996), a reduction in body mass during this period of high energy demand would
reduce overall flight costs. Leach’s storm-petrels Oceanodroma leucorhoa, for
example, are able to reduce the costs of flight by nearly 15% by reducing body mass
during chick provisioning (Niizuma et al. 2001). Gould’s petrels with a lower body
mass would be able to transport relatively more food to their chick than heavier
parents, for the same energetic cost of flight. Chicks provided with more food
throughout the growth period are likely to fledge at a higher body mass, which is
important for post-fledging survival (Tinbergen and Boerlijst 1990, Magrath 1991,
Linden et al. 1992). Therefore, providing adult body mass is not at (or below) a
critical level that would reduce future survival or fecundity (Hillstrom 1995), parents
that reduce body mass at this time could experience higher reproductive success.

5.4.2 Changes in haemoglobin during incubation
Blood haemoglobin (Hb) concentrations varied similarly in both years of the study
and to some extent mirrored changes in body mass. The highest levels for both males
and females were found at the beginning of the incubation period (at the time of egg
laying) and then decreased throughout incubation. Once the chick hatched, however,
Hb content increased to levels similar to those found at the beginning of incubation.

High levels of Hb content at the beginning of incubation and during chick rearing are
associated with periods of increased workload, which will likely lead to an increase in
Hb concentration. In humans, erythropoietin (EPO) concentration (Schwandt et al.
1991, Roberts and Smith 1999) and red blood cell number (Schmidt et al. 1991)
increase following strenuous aerobic exercise. In response to oxygen demand there is
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a feedback mechanism whereby a drop in oxygen supply to the kidneys causes the
cells to produce renal erythropoietin factor (REF). REF then converts a component of
the blood plasma to EPO, which, when it passes through the bone marrow, initiates
the formation of more red blood cells (Hazelwood 2001).

In Gould’s petrels, workload would be expected to be high for both males and females
during the four to six week period prior to egg laying. The female forms an egg that is
approximately 20% of its body mass and, although it is not known precisely where
Gould’s petrels forage, it is suspected that they are flying long distances to food
resources. During this period they acquire enough energy to form the egg, return to
breeding grounds to lay, and then return again to feeding grounds to recuperate. The
large amount of time that is spent flying, in combination with increased body mass at
this time, is likely to result in an increase in oxygen demand and, therefore, an
increase in Hb content.

During this time, males build up sufficient energy stores to fuel their return to the
breeding site and for their fast during the long first incubation shift. They then have
enough stores remaining after incubation to once again return to foraging sites for
restoration (Warham 1990). Therefore, high Hb content at the beginning of incubation
is also likely to be in response to the increased workload associated with extensive
flight with body mass at, or near, peak levels.

Similarly, the increase in adult Hb content after hatching also coincides with an
expected increase in aerobic activity. Both males and females share in chick
provisioning and fly extensive distances to and from foraging sites. On the return trip
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they are carrying a food load for their chick that results in their total body mass
equalling or exceeding their peak body mass. Thus, the increased workload associated
with prolonged flight and high body mass would result in an increase in oxygen
demand.

Changes in Hb throughout breeding have been measured in short-tailed shearwaters
(Davey et al. 2000). They did not show a correlation between Hb and activities
associated with burrowing and courtship, but there was an increase in Hb at the
nestling stage when short-tailed shearwaters are feeding their chicks. These authors
suggested that the period of chick provisioning in short-tailed shearwaters is
energetically demanding, as it requires flying long distances to foraging territories.

5.4.3 Changes in body condition indices throughout incubation
In addition to the variation found in mean body mass at different stages of
reproduction, there was also considerable interindividual variation in body mass at
each stage. Correlations between body condition indices (BCI) of individuals at
various stages of incubation showed that, to a certain extent, the condition of an
individual during incubation could be predicted from its condition early in the
breeding cycle. Males in relatively good condition at the beginning of their first
incubation shift remained in relatively good condition through to their second
incubation shift four to five weeks later. Females that were in relatively good
condition at the pre-breeding stage were also found to be in relatively good condition
when they began their first incubation shift, eight to nine weeks later. BCI at the
beginning of incubation may have been influenced by food load. Removal of
proventriculus contents, however, would have reduced the fasting capabilities of
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incubating birds. Therefore, proventriculus contents were not removed for
measurements of BCI. Moreover, most measurements of BCI were taken while birds
had been fasting for considerable time and proventiculus contents would have been
minimal.

Rather unexpectedly, hatching success was not affected by the condition of incubating
birds. This was the case whether the average condition of the pair was considered or
when the condition of the male and the female were considered separately. Blue
petrels, which also fast for extended periods while incubating, will desert their egg
when their body mass decreases to a critical threshold (Chaurand and Weimerskirch
1994, Ancel et al. 1998). After egg-laying, female Gould’s petrels in poor condition
should take longer to replenish the energy stores needed for their first incubation shift.
Their mates would, therefore, be required to incubate for disproportionately long
periods. Alternatively, if the female returned to relieve her mate before replenishing
enough energy reserves for her incubation shift she would more quickly reach a
critical threshold body mass at which she would abandon incubation. In snow petrels
Pagadroma nivea, hatching success is influenced by the pre-breeding body condition
of the female, because females in poor condition are not able to attain sufficient
energy reserves during the egg formation period to sustain them through their
upcoming incubation shift (Barbraud and Chastel 1999). The absence of a relationship
in Gould’s petrels suggests that nest desertion is not related to energy exhaustion
and/or all birds in the breeding population had adequate energy reserves for successful
incubation.
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5.4.4 Relationships between BCI and Hb
There was considerable inter-individual variation in Hb content at each stage of
incubation. There were no significant relationships between BCI and Hb content in
2001/02. By contrast, the Hb content of males at the beginning of, and during, their
first incubation shift in 2002/03 was significantly correlated with their body condition
index (BCI). Similarly, the Hb content of females was also significantly correlated
with BCI at the beginning of their incubation shift in 2002/03. Thus, the results from
2002/03 show, that to some extent, Hb content may provide information regarding an
individual’s BCI. In great tits Parus major there is a relationship between low Hb
content and low body mass, which is associated with poor health (Dufva 1996). In
bar-tailed godwits Limosa lapponica a similar relationship exists in birds that have
recently completed a long-distance migration under nutritional stress (Piersma et al.
1996). Therefore, low values of Hb content in Gould’s petrels may be an indication of
poor health and/or of inadequate nutrition to maintain high Hb content.

Birds with low Hb content have been suggested to have a reduced aerobic capacity
and, therefore a reduced ability to acquire resources (O'Brien et al. 2001). The
relationship between BCI and Hb content in Gould’s petrels may indicate that
individuals with higher Hb content are more able to attain high levels of BCI through
their ability to sustain flight for longer periods and forage at greater distances.
Moreover, this relationship may also indicate that some individuals are working at a
higher rate than their lighter counterparts. The high levels of Hb content found at the
beginning of the breeding cycle, when workload is expected to be high, shows that
high Hb content may be a response to the increase in aerobic demand at this time. It
has been suggested that the Hb levels of more active species are higher than those of
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less active ones (Bech and Klaassen 1996). If similar differences occur at an
interindividual level, then parents that are more aerobically active than others may
show a larger increase in Hb content. Individuals that are working relatively harder at
this time would have a higher oxygen demand and their Hb content would increase.

5.4.5 Relationships between BCI and prolactin
Interestingly, there was a significant positive relationship between the condition of
males when they returned for their second incubation shift and their circulating levels
of prolactin. Prolactin promotes incubation behaviour in birds (Buntin 1996) and a
combination of high prolactin and good body condition may induce these birds to stay
on their egg for longer periods. Conversely, a combination of low prolactin and poor
body condition may prompt birds to abandon incubation if energy stores are low.
Corticosterone levels were not measured here, however, low prolactin and poor body
condition may also be accompanied by an increase in circulating levels of
corticosterone. Corticosterone levels rise in the late stages of fasting in incubating
king penguins Aptenodytes patagonica (Cherel et al. 1988) and high levels of
corticosterone are associated with nest abandonment in white-crowned sparrows
Zonotrichia leucophrys and song sparrows Melospiza melodia (Wingfield et al. 1999).
An association between body condition and prolactin levels has also been reported for
breeding short-tailed shearwaters where low prolactin in birds in poor body condition
is thought to stimulate birds to go on a longer foraging trip to recuperate
(Weimerskirch and Cherel 1998).
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5.4.6 Interyear repeatability of body condition
Life history theory predicts that there will be trade-offs between the allocation of
resources to self-maintenance/current reproduction versus future reproduction/future
body condition. This fecundity/longevity trade-off may lead to differences in current
versus future reproductive success (Stearns 1992). Therefore, if the acquisition of
resources is similar between individuals, those that are allocating relatively more
resources to reproduction may be doing so at either the expense of their own condition
or at the expense of future reproductive success.

There were highly significant intrayear correlations between the BCI of males and
females at the pre-breeding stage and in the BCI of males at the beginning of, and
during, their first incubation shift. Also, the average body condition of the pair
throughout the pre-breeding/incubation period was highly repeatable between years.
These positive correlations indicate that a large allocation of resources into current
body condition does not come at the expense of future body condition.

Repeatability of good body condition, however, does not in itself indicate that these
individuals are experiencing higher reproductive success. Other petrel species, for
example, will maintain their own body condition at the expense of their chick (Saether
et al. 1993, Takahashi et al. 1999). The Gould’s petrels that are repeatedly in good
condition, therefore, may not necessarily be producing good quality chicks.
Repeatable body condition and reproductive success are positively correlated in
individual common terns Sterna hirunda, however, (Wendeln and Becker 1999) and if
a similar relationship exists in Gould’s petrels then those that are repeatedly attaining
good body condition may also be investing a lot into their chick.

101

Individual Gould’s petrels that were banded as breeding adults are documented to be
breeding more than twenty years later (Priddel et al. 1995). Therefore, if a breeding
attempt is made every year, Gould’s petrels could potentially make over twenty
breeding attempts. If good parental quality in Gould’s petrels translates into faster
chick growth rate, better chick quality, and/or higher fledging success, then
repeatability of good parental condition may be indicative of increased lifetime
breeding success in this species.

Because older and more experienced birds may have better foraging ability than
younger birds, the ability to attain repeatable high body condition in Gould’s petrels
may be age related. The breeding weight, egg sizes, and foraging ability of wandering
albatrosses have all been suggested to increase with age (Croxall et al. 1992,
Weimerskirch 1992). Unfortunately, the effects of age on condition could not be
assessed here, as the age of the Gould’s petrels studied was not known.

5.4.7 Assortative mating
The positive correlation between female body condition (during her first incubation
shift) and that of males (when they return for their second shift) may be a result of
two factors. First, males may be able to gauge the condition of the females at the time
they swap incubation duties. Incubating males that have partners in relatively good
condition when they return could “choose” to spend more time at sea foraging
because their partner, who is in relatively good condition, would be able to incubate
for a longer period of time before abandoning the egg. This would allow these males
to regain more body mass during this time and they would then return for their second
102

shift in relatively better condition. It has been suggested that Antarctic petrels regulate
the duration of their foraging trip according to the condition of their incubating mate
(Tverra et al. 1997). Proposed methods of indicating body condition to mates include
behavioural cues at the change of incubation shifts. Blue petrels, for example, can
indicate their condition while calling to their mate (Genevois and Bretagnolle 1994,
Amat et al. 2001).

Second, the positive correlation between the body condition of pairs may be an
indication of condition-based mate choice. There is a correlation between the body
condition of mated American kestrels suggesting condition-based mate choice occurs
in this species (Bortolotti and Iko 1992). Bortolotti and Iko (1992) suggest that good
condition is an indication of the kestrel’s ability to find food and, therefore, of a highquality mate. Gould’s petrels, like over 90% of bird species (Lack 1968), are
biparental breeders and they form long-term pair bonds. Pair bonding in such species
can be time consuming, and there are potential costs to the higher quality individual if
pair bonds form between high-quality and low-quality birds. However, reproductive
success will be mutually increased when both members of the pair are in good
condition (Ligon 1999). In order to maximize lifetime breeding success, it would be
advantageous for a high-quality individual to pair with a mate of similar quality. As
well as reproductive output being increased, mates of similar quality would be less
likely to divorce (Ligon 1999) and, consequently, would protect more time for
reproduction. Wandering albatrosses have been found to choose mates based on age
(Jouventin et al. 1999). This may also be true of Gould’s petrels, however, as
mentioned earlier, the age of the birds studied here was not known.
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5.4.8 Female condition and egg size
Although the size of females has an effect on egg size in other species of birds (Dufva
1996, Amat et al. 2001), no such relationship was found here. There was, however, a
relationship between the BCI of females at the pre-breeding stage and egg volume. A
relationship between female quality and/or condition and egg volume has also been
found in pied fly-catchers Ficedula hypoleuca (Potti 1993), Magellanic penguins
Sphenicus magellanicus (Reid and Dee Boersma 1990) and wandering albatrosses
(Croxall et al. 1992).

The relationship between the pre-breeding condition of females and egg volumes
suggests that Gould’s petrels are, to some extent, capital breeders. In contrast to
income breeders, such as pied flycatchers (Dufva 1996) and several species of Arctic
waders (Klaassen et al. 2001), which adjust food intake concurrently with breeding,
capital breeders rely on stored energy reserves for reproduction (Jonsson 1997). The
relationship between pre-breeding body condition (before eggs were formed) and egg
volume suggests that female Gould’s petrels may rely on stored energy for egg
production.

However, although females decreased in body mass during the period from the prebreeding stage through to egg laying, this decrease in body mass (10 g) was not
sufficient to produce a 40 g egg. Therefore, they must also rely on food gathered
during this time for egg production. That a relationship exists between pre-breeding
female body condition and egg volume in Gould’s petrels suggests, therefore, that
good body condition at this time is an indicator of better foraging ability and that
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females that laid larger eggs were able to do so because they were better able to
acquire food during the egg formation period.

The ability of females to lay larger eggs may confer fitness advantages because larger
eggs generally produce larger chicks (Carey 1996) due to larger eggs generally
containing more energy than smaller eggs (Williams 1994, Carey 1996). In shorttailed shearwaters, for example, larger eggs have been shown to contain more protein
and have a higher calorific content in comparison to smaller ones (Meathrel et al.
1993b). Larger chicks often have higher survivability than smaller ones, possibly
because they have larger energy reserves (Birkhead and Nettleship 1984, Smith and
Bruun 1998, Christians 2002). Therefore, females that lay larger eggs may produce
more fledged young than those that lay smaller eggs.

5.5 Conclusions
There was a large amount of interindividual variation in the body condition and blood
haemoglobin (Hb) content of adult Gould’s petrels throughout the breeding period.
There were positive relationships found between BCI and Hb content but perhaps due
to nest failure being attributable to other factors, there was no relationship between
parental body condition and hatching success. The condition of adults may be
important for other stages of reproduction, such as provisioning performance, chick
growth, and fledging success. These aspects will be examined in the ensuing chapters.

There was a relationship between the pre-breeding condition of females and egg
volumes. The mass and size of chicks at hatching is positively correlated with egg
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volume (see Chapter 3) and, therefore, chicks that are larger and heavier at hatching
may have advantages over smaller and lighter chicks in terms of growth and survival.
Thus, the pre-breeding condition of females may confer fitness advantages to their
offspring.

Parental body condition and Hb content were repeatable between years. Interyear
repeatability in these parameters is not in itself an indication of better performing
parents. However, if better condition translates into higher reproductive success
through faster chick growth rates, better chick quality, and higher fledging success,
then repeatable, high body condition may be a good indicator of lifetime reproductive
success.
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Chapter 6 Chick provisioning rates and meal sizes and the
influence of adult condition on provisioning performance

6.1 Introduction
The marine environment is unpredictable in terms of weather conditions and the
availability of food resources and, therefore, pelagic seabirds face a number of
challenges associated with chick provisioning (Lack 1968). These difficulties are
somewhat ameliorated by several traits that are typical of petrels and which help them
deal with the stochastic nature of food availability. The chick development period of
Procellariiformes is relatively long in comparison to other avian groups of comparable
size (Warham 1990). One advantage proposed for slow chick development is that it
reduces the likelihood of starvation when food is scarce as the daily energetic needs of
the chick are reduced (Ricklefs 1973). Another beneficial trait is that petrel chicks
attain a body mass that is considerably higher than adult mass and then, as they
approach fledging, they decrease to a level close to adult mass. This “nestling
obesity” has been proposed as both a mechanism to avoid starvation during periods
when food availability is sporadically low for the colony as a whole and also to
sustain chicks during periods when individual parents experience poor foraging
success on a given foraging trip (Lack 1968, Hamer 1994, Hamer et al. 1997, Hamer
and Thompson 1997, Hamer et al. 1998).

Despite the problems petrels face in chick provisioning, their effectiveness in doing so
is likely to be an important determinant of reproductive success. Provisioning rates
and meal sizes are likely to affect a number of chick growth parameters such as peak
mass, growth rate, weight loss, and fledging condition (Lequette and Weimerskirch
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1990, Schultz and Klomp 2000, Weimerskirch et al. 2000, Weimerskirch and Lys
2000). Nestlings with more reserves would be better able to survive periods when
food supply is irregular and, after fledging, higher quality chicks could have an
advantage over poorer ones in competitive interactions. They may also be better able
to cope with periods of low food availability (Magrath 1991).

The ability of parents to provision their chick is also likely to be affected by their own
body condition (Lorensten 1996). When food is scarce petrels have been shown to
maintain their own condition at the expense of their chick (Saether et al. 1993,
Takahashi et al. 1999). This response is typical of long-lived species because in doing
so parents may be sacrificing current reproductive success but they are ensuring that
their own long-term reproductive viability is not compromised. Therefore, parents that
are in good condition prior to, and during, the chick-provisioning period would be
better able to adequately provide for their chick without compromising their own
condition when food becomes scarce or if conditions make the acquisition of food
more difficult.

Gould’s petrels are thought to travel long distances to acquire food during the chickrearing period. Some aspects of their provisioning behaviour have been studied
previously and suggests they follow a pattern typical of Procellariiformes, with
feeding frequencies decreasing towards fledging (Priddel and Carlile 2001). However,
the patterns of chick provisioning, and meal sizes over the entire nestling period or
variations in provisioning behaviour between years have not been investigated. Also,
as provisioning behaviour is likely to affect chick quality, relationships between adult
body condition and provisioning behaviour would give insight into the extent to
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which chick provisioning comes at the expense of adult self-maintenance. This
information is also potentially useful to predict breeding success from adult quality.

Therefore, the aims of this study were to:
1) Determine feeding frequencies and meal sizes of Gould’s petrels over the
entire chick-rearing period.
2) Examine whether chick provisioning varies between years.
3) Examine intraspecific patterns of variation in chick provisioning
behaviour.
4) Investigate the effects of adult body condition on chick-provisioning
performance.

6.2 Methods
6.2.1 Chick handling
Chicks were removed from their nest and weighed to the nearest gram with a 300-g
Pesola spring scale or to the nearest 5 g with a 500-g Pesola scale if chicks exceeded
300 g. Gould’s petrels only provision their chicks during the night and weights were
taken at approximately the same time each morning (0700–0800). Chicks were
weighed six to eight hours later to estimate weight loss due to respiration and
defecation between meals. Chicks were always weighed in the same order and the
time of weighing was recorded. Seventy-one chicks were monitored in 2001/02 and
52 in 2002/03. Chicks were weighed approximately 21 times each in 2001/02
representing 1491 chick nights and approximately 22 times each in 2002/03
representing and 1144 chick nights.
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6.2.2 Calculation of meal sizes and provisioning rates
Chicks lost weight between meals at significantly different rates according to when
they had last been fed. Chicks that were fed the previous night lost a mean of 0.97 ±
0.06 (s. e.) g/hour over a 24-hour period compared to a mean of 0.48 ± 0.03 g/hour
when not fed the previous night (t2, 281 = 8.268, p <0.001). There was a slight increase
with age in the amount of weight lost per day, but this amount only varied from the
mean by ± 0.13 g/hour over the entire chick rearing period and for simplicity was
disregarded for the calculation of meal sizes.

Positive mass increases (SUM) were determined from daily changes in chick mass.
The estimated amount of mass lost due to respiration and excretion was then added to
this amount to give an adjusted SUM (ASUM). For example, if a chick was found to
have increased in a given 24-hour period by 10 g and had been fed in the previous 24hour period, then 0.97 g/hr was added to the mass change to give an ASUM of 33g. If
the chick had not been fed in the previous 24-hour period 0.48 g/hr was added for an
ASUM of 22 g. Negative changes in mass of amounts equal to or larger than the
estimated mass lost due to excretion and respiration were recorded as the chick not
being fed. The largest of the mass increases were presumed to represent feeds by both
parents. These double feeds were detected using the following method (Ricklefs
1984): If P = the probability that a particular parent feeds its chick on a particular
night then the probability that the parent does not feed its chick is (1 – P) and the
probability that neither parent feeds its chick is (1 – P) 2. For example, if a chick was
not fed on 6 of 22 nights then (1 – P) = (6/22) 0.5 or 0.52 and, hence, P = 1 – 0.52 or
0.48. The probability that both parents feed their chick is P2 and, therefore, 0.23. From
these calculations it can be determined that 0.23 x 22 (or 5) of the positive mass
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increments of this particular chick represented double feeds and can be eliminated
from meal size calculations. Meal sizes can then be estimated from the remaining
ASUM values.

The estimated number of days between meals for each chick and the estimated
foraging period of its parents were calculated from the inverse of the probability
values.

Correlation analyses between the body condition indices of parents during incubation
(see Chapter 5) and provisioning characteristics were performed to test for the
influence of parental condition on chick provisioning behaviour.

6.3 Results
Overnight increases in chick mass averaged 29.6 ± 0.4 g (s. e.) and 33.3 ± 0.5 g (s. e.)
in 2001/02 and 2002/03 respectively. Elimination of the double feeds from the
calculations resulted in mean meal sizes of 25.1 ± 0.3 g (range 10-39 g) and 28.5 ±
0.4 g (range 8-43 g), in 2001/02 and 2002/03, respectively. There was a significant
difference in meal sizes between years (t2, 1182 = 7.561, p <0.0001) and also a different
pattern in the distribution of meal sizes (Figure 6.1).
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Figure 6.1 Frequency distribution of Gould's petrel meal sizes over two consecutive breeding
years.

Chick provisioning characteristics are summarised in Table 6.1. The estimated time
between meals, calculated from the probability values, was 1.9 ± 0.05 days in 2001/02
and 2.0 ± 0.06 days in 2002/03. The average foraging trip was 3.2 ± 0.1 days in
2001/02 and 3.4 ± 0.1 days in 2002/03. There was no difference between years in
either of these periods (t2, 126 = 0.949, p = 0.34 and t2, 126 = 0.948, p = 0.34
respectively; Fig. 6.2).

Correlation analyses between foraging periods and meal sizes showed that birds that
fed their chick less frequently provided more food per visit than those that fed their
chick more often (Figure 6.3). However, birds with shorter foraging periods provided
more food per day spent foraging than those that spent more time foraging (Figure
6.4).
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Table 6.1 Provisioning characteristics of Gould's petrels

2001/02

2002/03

(n = 71)

(n = 52)

Number of chick nights

1491

1144

Mean ASUM (g ± s.e.)

29.6 ± 0.4

33.3 ± 0.5

10-108

8-83

25.1 ± 0.3

28.5 ± 0.4

10-39

8-43

0.54 ± 0.01

0.52 ± 0.01

0.27-0.71

0.29-0.71

0.32 ± 0.01

0.31 ± 0.01

0.14-0.48

0.16-0.50

ASUM range (g)
Mean meal size (g ± s.e)
Meal size range (g)
Mean feeding freq. of chick (± s.e.)
Feeding freq. of chick range
Mean feeding freq. per adult (± s.e.)
Feeding freq. per adult range

4

71

52

Days

3
2

71

52

1
0
Feeding Interval

Foraging period

Figure 6.2 The mean time between meals (days), and the mean foraging period duration per
adult (days) of Gould's petrels in 2001/02 (open columns) and 2002/03 (speckled columns).
Sample sizes are shown above columns. Error bars represent ± standard error
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Figure 6.3 The relationship between meal sizes and the time between meals. 2001/02: r = 0.486, p
<0.001, n = 71; 2002/03: r = 0.642, p = 0.001, n =52.
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2001/02

Meal size (g/day spent foraging)

Meal size (g/day spent foraging)

16
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8

4

0
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2002/03
12

8

4
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Days between meals

1.0

2.0

3.0

4.0

Days between meals

Figure 6.4 The relationships between the amounts of food provided per day spent foraging and
the time between meals. 2001/02: r = -0.803, p <0.001, n = 71; 2002/03: r = -0.668, p <0.001, n =
52

There was a significant relationship between the average condition of a breeding pair
during incubation and how frequently chicks were fed in 2001/02 (r = 0.239, p =
0.044, n = 71). This relationship was not significant in 2002/03 (r = 0.098, p = 0.489,
n = 52; Figure 6.5).
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Figure 6.5 The relationships between the average body condition index of both parents and
provisioning performance in consecutive breeding years.

6.4 Discussion
Based on overnight increases in chick mass, Gould’s petrel chicks were fed
approximately every second night. Approximately 20% of the overnight increases
were the result of feeds by both parents, which means that each parent fed its chick
approximately every third night. Elimination of the double feeds from meal size
calculations resulted in an estimation of a mean meal size delivered to chicks of 25.1
g in 2001/02 and 28.5 g in 2002/03. These results are comparable to those found
previously for Gould’s petrels where chicks were found to be fed every second day
and a meal size of 24.5 g was reported (Priddel and Carlile 2001).

Although the body mass of adults varies considerably throughout the breeding cycle,
adult mass is approximately 180 g at the time of chick provisioning (Chapter 5).
Therefore, meals of this size represent approximately 15% of adult body mass. The
amount of food delivered to chicks relative to adult body mass varies considerably
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within Procellariiformes and may be affected by differences in the distances adults
travel to acquire food, differences in food availability and/or the quality of food
collected. Short-tailed shearwaters Puffinus tenuirostris deliver meals that are 25% of
adult body mass (Hamer et al. 1997), Wilson’s storm-petrels Oceanites oceanicus
21% (Obst and Nagy 1993, Quillfeldt and Hans-Ulrich 2000), providence petrels
Pterodroma solandri 18.2% (Bester et al. 2002), phoenix petrels Pterodroma alba
18.2% (Ricklefs 1984), Christmas shearwaters Puffinus nativitatis 14.2% (Ricklefs
1984), Arctic fulmars Fulmaris glacialis 10% (Hamer and Thompson 1997) and
Cory’s shearwaters Calonectris diomedea 8% (Granadeiro et al. 1998). The little
shearwater Puffinus assimilis which is similar in body mass (170 g) to Gould’s petrels
deliver meals that are 13.6% of adult body mass (Hamer 1994).

There was a significant difference found between years in mean meal sizes.
Differences in meal sizes between years may be due to changes in foraging success,
which are indicative of changes in environmental conditions. Changes in the
availability of food has been shown to affect provisioning rates in other
Procellariiformes, including black-browed albatrosses Diomedea melanophris (Huin
et al. 2000) and fork-tailed storm-petrels Oceanodroma furcata (Boersma 1980). The
provisioning rate of Wilson’s storm-petrels has also been shown to be affected by
changes in the availability of krill, on which they are dependent (Quillfeldt 2001).

Despite the differences in average meal sizes between years, feeding frequency or
foraging period did not change. This could be due to Gould’s petrel feeding behaviour
being intrinsically controlled. It has been suggested that provisioning behaviour of
Cory’s shearwaters is controlled by an intrinsic rhythm (Hamer and Hill 1993, Hamer
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1994). An intrinsic rhythm to feeding frequency would mean that in poorer years
parents would provision their chicks at the same rate as in good years but provide less
food per visit because food is scarcer. Another Procellariiform, Manx Shearwater
Puffinus puffinus, however, has been shown to have an adjustable provisioning rate,
but this is in response to varying needs of the chick rather than to changes in
environmental conditions (Hamer et al. 1998).

Perhaps unsurprisingly, adults Gould’s petrels that spent more time foraging delivered
larger meals to their chick. However, it was also found that the amount of food
provided per day spent foraging was inversely related to foraging trip duration. This
indicates that adults that were feeding their chicks more frequently were more
effective foragers. Moreover, in 2001/02, chicks that were fed more frequently had
parents that had a relatively high body condition index during incubation. Parental
condition also affects provisioning rate of Antarctic petrels Thalassoica antarctica
(Lorensten 1996, Tverra et al. 1998). The influence of adult condition on provisioning
rate may be due to the proportion of food collected that can be allocated to the chick.
If necessary, petrels will maintain their own body condition at the expense of their
current reproductive attempt (Saether et al. 1993, Takahashi et al. 1999) and,
therefore, parents in relatively poor condition would allocate a larger proportion of the
food they collect to self-maintenance rather than to their chick. Alternatively, the
relationship between body condition and provisioning rate may simply be an
indication of more successful foragers and, therefore, better parents.

The lack of correlations between parental condition and provisioning behaviour in
2002/03 may be due to differences in food availability between years. Meal sizes were
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larger in 2002/03, which suggests that food resources were more abundant at that
time. In years when ample food is available, as in 2002/03, parents that are in
relatively poorer condition may still be able to acquire sufficient food to adequately
provision their chick. Thus the effect of parental condition on provisioning rate may
be more important in years when food is scarcer

Another factor that may have influenced provisioning performance is the age and
experience of parents. This has been shown to affect provisioning behaviour in
Antarctic fulmars Fulmaris glacialoides (Weimerskirch 1990). The effects of age and
experience on provisioning behaviour of Gould’s petrels could not be assessed in this
study, as the age of the birds monitored was not known.

Several studies of provisioning behaviour of Procellariiformes have shown that
parents alternate between long and short foraging trips (Weimerskirch et al. 1995,
Granadeiro et al. 1998, Weimerskirch 1998, Weimerskirch and Cherel 1998, Schultz
and Klomp 2000). Whether Gould’s petrels engage in this pattern of provisioning
behaviour could not be determined from this study as it was not known whether the
male or the female parent had fed the chick on a given night.

6.5 Conclusions
The results of this study show that there is considerable interindividual variation in
meal sizes, feeding frequencies, and foraging efficiency of Gould’s petrels. There was
also shown to be inter-annual variation in provisioning characteristics that may
indicate changes in environmental conditions. Based on the significant relationship
between the condition of parents during incubation and provisioning rate (in the year
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when conditions were relatively poor), it was demonstrated that adult condition could
influence provisioning rate. The amount of food provided to the chick is likely to
affect chick quality through differences in growth rates, peak mass, and fledging
mass. Therefore, the condition of parents during incubation, through its affect on
provisioning performance, is likely to be an important factor in determining
reproductive success.
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Chapter 7 Postnatal development of Gould’s petrels

7.1 Introduction
Postnatal development in Procellariiformes is slow in comparison to most other avian
species (Warham 1990, Hamer 1994). Chick development is characterised by a large
accumulation of fat during the nestling period, where chicks usually attain a peak
mass that is considerably above that of adults. They then undergo a period of mass
recession and fledge at or around adult mass (Hamer and Hill 1993, Hamer et al.
1997).

The growth rate of chicks is likely to be limited by the feeding rate of parents and the
slow development and nestling “obesity” in Procellariiformes is advantageous for the
variable nature of marine resources (Lack 1968). Spatial and temporal variation in
food availability in the marine environment can delay the delivery of food to chicks
for considerable time. Procellariiform chicks, therefore, must be able to survive
potentially long periods of fasting during the nestling period (Hamer and Thompson
1997, Hamer et al. 1998). Another advantage of nestling obesity is that chicks use
their fat stores to tide them over during the initial days at sea while they gain skills in
foraging (Lack 1968, Phillips and Hamer 1999).

Along with the slow morphological growth in Procellariiformes, the rate of
development of particular physiological processes is also retarded. For example, the
ontogeny of blood haemoglobin levels in Procellariiformes has a different pattern to
that of other avian species. In most birds, blood haemoglobin content increases more
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or less linearly over the nestling period and reaches a level close to that of adults prior
to fledging (Bolton et al. 1999). By contrast, in Procellariiformes, such as short-tailed
shearwaters Puffinus tenuirostris and Wilson’s storm-petrels Oceanites oceanicus,
haemoglobin synthesis is depressed during the most intense period of growth and then
increases rapidly during the period of mass recession (Kostelecka-Myrcha and
Myrcha 1989, Arnold et al. 1999). If the growth characteristics of Gould’s petrels are
typical of Procellariiformes, then it would be expected that haemoglobin development
would also follow a pattern similar to the other Procellariiformes studied.
Additionally, if growth rate varies between chicks, then different rates of
haemoglobin accumulation would also be expected.

The delivery of food to chicks and, hence, their development rate, is also likely to
depend on the amount of effort parents expend collecting food and/or on the feeding
efficiency of parents (Ricklefs 1983). When absolutely necessary, adult petrels are
known to prioritise self-maintenance at the expense of their chick (Takahashi et al.
1999). Consequently, the amount of food a parent is willing to allocate to its chick is
likely to be related to its own body condition. It was shown previously (Chapter 5)
that the body condition of adult Gould’s petrels is highly repeatable between years.
Thus, certain individuals are consistently attaining better body condition than others.
However, the influence of adult condition on chick growth characteristics was not
determined. Breeding birds that are in better condition would be expected to be able
to provide more food to their chick because: 1) they need less of the food they acquire
for self-maintenance; and 2) they are more efficient foragers and, therefore, gather
more food per unit time. The delivery of more food to their chick could then result in
a faster rate of mass increase, a higher peak body mass, and a higher fledging body
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mass. This could result in higher reproductive success because: 1) faster developing
chicks would be able to fledge earlier and, therefore, give parents more time to
recover before the next breeding attempt (Minguez 1998); and 2) chicks that attain a
higher peak mass and fledging mass may have a better chance of survival after
fledging (Magrath 1991).

Therefore, if the same parents are consistently attaining good body condition, and
there is a direct relationship between adult body condition and chick growth rate, then
these individuals would be expected to experience higher lifetime reproductive
success. Associations between adult body condition and chick growth rate would also
allow predictions regarding breeding success to be made based on parental
morphological traits.

Most aspects of Gould’s petrel chick growth rate, such as differences between sexes
and interannual differences, have not been previously studied, nor has the ontogeny of
blood haemoglobin content. Moreover, the relationships between adult body condition
and aspects of chick growth that could potentially influence lifetime reproductive
success have not previously been determined. Therefore, the main aims of this part of
study were to:
1) Quantify chick growth rates and examine intra-annual and interannual
variation in chick growth rates.
2) Determine whether nestling blood haemoglobin accumulation follows a
pattern predicted from their growth characteristics.
3) Investigate associations between adult body condition in relation to chick
growth and blood haemoglobin content.

122

7.2

Methods

I visited Cabbage Tree Island regularly from the time eggs began to hatch in early
January until chicks had fledged in early April in three successive breeding seasons
from 2000/01. Each visit lasted approximately one week, interjected by an absence of
approximately one week. The schedules of these visits sometimes varied by a few
days when adverse weather conditions prevented access to the island.

Measurements of head-bill, culmen, tarsus, middle toe, and wing lengths were taken
to the nearest 0.01mm with a Mitutoyo digital caliper on the day of arrival to the
island and on the day of departure. Chicks were weighed daily using a 300-g Pesola
spring scale or a 500-g scale when mass exceeded 300 g. Thirty-two chicks were
measured in 2001, 72 in 2002, and 54 in 2003 with each chick having complete
morphometric evaluation taken usually 15 times from hatching to fledging.
The age of chicks that hatched during an absence from the island was estimated from
a regression of their PC1 score in relation to that determined from a PCA of known
aged chicks (see Chapter 3).

I evaluated chick growth rates using the logistic, the Gompertz, and the von
Bertalanffy growth equations to determine which of these best exemplified growth in
Gould’s petrels (Ricklefs 1967, 1979). Morphometric appraisal of head-bill, culmen,
tarsus, middle toe, and wing lengths of a sub-sample of 14 individuals was fitted with
these three forms of growth equations using the non-linear curve-fitting platform in
SPSS 11.5. The equation having the highest r2 value and an estimate of the asymptote
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(A) closest to the observed asymptote was taken to be the most suitable for estimating
growth of Gould’s petrels.

All three types of growth curve fit most data well, however, the wings of a number of
chicks were still growing almost linearly when the final measurement was taken prior
to fledging. This resulted in considerable overestimation of the asymptote from the
fitted curves. Therefore, wing growth was not included in further analyses.

The logistic curve had the highest mean r2 value and the closest mean A to the
observed asymptote (r2 = 0.993 ± 0.007, AL = 100.1% ± 2.5, n = 56). The Gompertz
and von Bertalanffy curves had an r2 value of 0.990 ± 0.009 and 0.990 ± 0.008,
respectively and an estimate of the asymptote of 101.5% ± 2.9 and 102.0% ± 3.2 of
the observed asymptote, respectively. The logistic equation was, therefore, used for
all intraspecific comparisons. However, as the Gompertz equation is typically used for
estimating growth of petrels, this curve was fit to body mass data (up to peak) for
interspecies comparisons.

From the fitted logistic curves the following parameters were estimated: the growth
constant (KL), the asymptote (AL; in g or mm), the maximum growth rate attained at
the inflection point (KA/4L; in g or mm/day; Weidinger 1997) and the asymptote as a
percentage of mean adult size (%AdL). As Gould’s petrel chicks attain a body mass
considerably above that of adults and then decrease towards fledging, the mass
growth curves were determined using measurements taken prior to chicks obtaining
peak mass.
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Values of K and the KA/4 are dependent on the asymptote (Ricklefs 1983) and are,
therefore, difficult to interpret for different-sized chicks (Krebs 1999). As a further
measure of growth, therefore, the average growth rate (g/day) over the linear portion
of the growth curve was also calculated (GL).

To assess whether handling adult birds had an effect on chick growth two groups of
chicks were monitored in 2000/01. The parents of the first group (n = 16) had been
regularly handled during incubation to obtain their mass and to take blood samples;
the second group (n = 16) had parents who were left alone. The chicks of both groups
were measured in the same manner and the means of each group’s growth parameters
were compared. In 2001/02 and 2002/03 the parents of all chicks were handled during
incubation.

I examined the influence of gender on growth by comparing mean KL, AL, KA/4L, and
% AdL of body mass, head-bill, culmen, tarsus, and middle toe lengths of male and
female chicks in all three years combined. To test for between year variations in chick
growth, the growth characteristics of chicks were compared between all three years.
To balance sample sizes for between year comparisons a sub-sample of 32 evenly
mixed male and female chicks were randomly chosen from each of the 2002 and 2003
seasons.

As the pre-breeding body condition of the female was previously found to affect egg
size, and subsequently hatchling mass and size, correlation analyses between the body
condition index (BCI) of hatchlings and their body condition at peak mass (BCIpm)
were performed to examine the relation between hatchling and pre-fledging body
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conditions. Body condition indices were calculated for chicks using the same
procedure as for adults in Chapter 5 except only head-bill, tarsus, and middle toe
lengths were used to generate the first principle component score (PC1) using
principle components analysis (PCA).

Of all nests monitored in 2001/02 and 2002/03, forty produced a chick from the same
parents in each breeding season. Correlation analyses were used to assess whether
growth characteristics of chicks from the same parents were consistent between years.
Correlation analyses were also performed on the body condition indices of parents
during incubation and their chick’s growth characteristics to assess the influence of
parental body condition on chick growth.

Potential trade-offs between allocation of food for chick growth versus future selfmaintenance were assessed using correlation analyses between the BCIpm of chicks in
2001/02 and the body condition of their parents during incubation the following
breeding season. Correlation analyses were also performed between the BCI of these
parents and the BCIpm of their 2002/03 chicks.

Chick blood haemoglobin content (Hb) during the growth period was measured in the
2001/02 breeding season. Approximately 5 µl of Blood was obtained by brachial
venipuncture and Hb was measured immediately using a Hemocue B-Hemoglobin
photometer. Approximately nine Hb content measurements were taken from each
chick sampled from hatching to fledging. A repeated measures ANOVA was used to
compare Hb concentrations between weeks. There were 66 chicks that a Hb
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measurement taken in weeks 1, 3, 5, 7, 8, 10, 11, and 13. These chicks were used for
the repeated measures ANOVA.

Chick Hb at the time of fledging was evaluated in the 2002/03 breeding season by
sampling in the last few weeks prior to fledging. Correlation analyses were then
performed between Hb content, age, and body mass.

SPSS 11.5 was used to fit all growth curves and for correlation analyses.
Examinations of the influence of handling parents while incubating and chick gender
on chick growth rates were performed using t-tests. Single-factor ANOVA and posthoc analysis using Tukey tests were used to compare growth parameters between all
three years. All values reported represent means ± one standard error unless noted
otherwise.
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7.3 Results
7.3.1 Chick growth
Handling of adults during incubation had no statistically significant effect on the
logistic growth constant, the estimated asymptote, the maximum growth rate at the
point of inflection, or the asymptote as a percentage of adult size for any of the chick
growth characteristics examined (Table 7.1).

According to growth rate constants (KL), the middle toe grew proportionately the
fastest of the skeletal measures, followed by the tarsus, then head-bill, and then
culmen (Table 7.1). The head-bill showed the fastest maximum growth rate in
mm/day (KA/4), followed by the middle toe, tarsus, and culmen (Table 7.1). There
was no effect of handling adults on estimated asymptotic mass of chicks (AH = 140 ±
4%; ANH = 135 ± 4%). The estimated asymptote of all other measures was slightly
higher than mean adult size.

There were significant differences between sexes in the estimated asymptote of head
and middle toe. There were no significant differences between sexes, however, in any
of the other growth characteristics measured (Table 7.2).

Between years there were significant differences in a number of growth
characteristics (Table 7.3). The mean mass KL and the KA/4 was significantly higher
in 2002/03 than in 2001/02 (p = 0.003 and 0.001 respectively). The mean mass KA/4
was also significantly higher in 2000/01 than in 2001/02 (p = 0.045).
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Figure 7.1 Growth curves of body mass and selected body structures of Gould’s petrel chicks
from the 2000/01 breeding season (n = 32; males and females combined).
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Table 7.1 Comparison of growth characteristics of chicks whose parents were handled during
incubation (AH) and chicks whose parents were not handled (ANH). KL is the logistic growth
rate constant, AL is the estimated asymptote (g or mm), KA/4 is the maximum growth rate
attained at the point of inflection (g or mm/day), GL is growth over the linear portion of the
growth curve from 10 to 40 days of age, and %Ad is the asymptote as a percentage of adult size.

Mass

Head

Culmen

Tarsus

Middle Toe

AH (n=16)

ANH (n=16)

t statistic

p value

KL

0.081±0.004

0.081±0.006

0.045

0.96

AL(g)

275±4

265±10

1.005

0.32

KA/4 (g/day)

5.56±0.28

5.25±0.33

0.718

0.48

%Ad

140±4

135±4

1.005

0.32

GL

4.3±0.2

4.3±0.4

0.040

0.97

KL

0.052±0.002

0.054±0.001

1.056

0.30

AL(mm)

66.84±0.36

66.57±0.34

0.536

0.60

KA/4 (mm/day)

0.86±0.03

0.89±0.02

0.990

0.33

%Ad

101±1

101±1

0.082

0.93

KL

0.049±0.002

0.052±0.003

1.061

0.30

AL(mm)

25.58±0.24

25.54±0.16

0.134

0.89

KA/4 (mm/day)

0.31±0.01

0.34±0.02

1.125

0.27

%Ad

101±1

101±1

0.272

0.79

KL

0.079±0.010

0.086±0.015

1.514

0.14

AL(mm)

30.82±0.19

30.81±0.27

0.036

0.97

KA/4 (mm/day)

0.61±0.02

0.66±0.03

1.515

0.14

%Ad

102±1

102±1

0.056

0.96

KL

0.086±0.003

0.089±0.003

0.089

0.42

AL(mm)

34.49±0.27

34.56±0.21

0.206

0.83

KA/4 (mm/day)

0.74±0.03

0.77±0.03

0.801

0.42

%Ad

101±1

101±1

0.517

0.61
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Table 7.2 Comparison of growth characteristics of female and male chicks for all breeding
seasons (2001-2003) combined. KL is the logistic growth rate constant, AL is the estimated
asymptote (g or mm), KA/4 is the maximum growth rate attained at the point of inflection (g or
mm/day), GL is growth over the linear portion of the growth curve from 10 to 40 days of age, and
%Ad is the asymptote as a percentage of adult size. * Denotes significant difference

Mass

Head

Culmen

Tarsus

Middle Toe

Male (n=78)

Female (n=80)

t statistic

p value

KL

0.079±0.003

0.077±0.003

0.287

0.715

AL(g)

277±5

266±5

1.612

0.109

KA/4 (g/day)

5.3±0.2

5.0±0.2

1.225

0.222

GL

4.2±0.1

4.1±0.1

0.709

0.479

%Ad

141±2

136±2

1.612

0.109

KL

0.050±0.001

.050±0.001

0.445

0.657

AL(mm)

67.32±0.15

66.33±0.15

4.649

<0.001*

KA/4 (mm/day)

0.83±0.01

0.82±0.01

0.578

0.591

%Ad

100.8±0.2

100.7±0.2

0.449

0.449

KL

0.046±0.001

0.046±0.001

0.475

0.635

AL(mm)

25.65±0.11

25.40±0.11

1.625

0.106

KA/4 (mm/day)

0.30±0.01

0.29±0.01

0.969

0.334

%Ad

101.5±0.4

100.6±0.4

1.541

0.125

KL

0.080±0.001

0.080±0.001

0.100

.0920

AL(mm)

30.65±0.09

30.58±0.09

0.538

0.592

KA/4 (mm/day)

0.61±0.01

0.61±0.01

0.143

0.886

%Ad

101.0±0.3

100.9±0.3

0.244

0.807

KL

0.085±0.001

0.083±0.001

0.898

0.371

AL(mm)

34.53±0.11

34.16±0.11

2.390

0.018*

KA/4 (mm/day)

0.73±0.01

0.71±0.01

1.360

0.176

%Ad

101.3±0.3

100.7±0.3

1.251

0.213
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Table 7.3 Comparisons of growth characteristics between years. KL is the logistic growth rate
constant, AL is the estimated asymptote (g or mm), KA/4 is the maximum growth rate attained at
the point of inflection (g or mm/day), GL is measured from 10 to 40 days of age when the growth
curve is close to linear (g/day), and %Ad is the asymptote as a percentage of adult size. n = 32 for
all years. * Denotes significant difference

Mass

Head

Culmen

Tarsus

Middle toe

2000/01

2001/02

2002/03

F statistic

KL

0.081±0.003

0.072±0.005

0.090±0.004

5.706

0.005*

AL

270±5

266±7

267±10

0.088

0.916

KA/4

5.4±0.2

4.6±0.2

5.8±0.2

6.995

0.001*

GL

4.4±0.2

3.9±0.1

4.4±0.2

3.194

0.044*

%Ad

138±3

136.0±3

136±5

0.088

0.916

KL

0.053±0.001

0.048±0.001

0.048±0.001

8.522

0.001*

AL

66.70±0.025

66.74±0.24

66.74±0.24

0.005

0.995

KA/4

0.88±0.02

0.80±0.02

0.80±0.02

8.835

0.001*

%Ad

100.5±0.4

100.7±0.4

100.7±0.3

0.079

0.924

KL

0.051±0.002

0.044±0.001

0.044±0.001

8.274

0.001*

AL

25.56±0.14

25.10±0.19

25.59±0.17

2.674

0.074

KA/4

0.32±0.01

0.28±0.01

0.28±0.008

9.793

0.001*

%Ad

101.0±0.6

99.4±0.8

100.6±0.4

2.860

0.062

KL

0.083±0.002

0.078±0.002

0.078±0.002

1.615

0.204

AL

30.81±0.16

30.73±0.14

30.62±0.11

0.515

0.599

KA/4

0.64±0.02

0.60±0.02

0.6±0.01

1.846

0.164

%Ad

101.6±0.5

101.2±0.5

100.9±0.3

0.591

0.556

KL

0.087±0.002

0.082±0.002

0.083±0.001

2.607

0.079

AL

34.53±0.17

34.47±0.17

34.08±0.17

2.041

0.136

KA/4

0.76±0.02

0.71±0.02

0.68±0.02

3.269

0.042*

%Ad

101.0±0.5

101.6±0.5

100.6±0.5

0.901

0.410
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p value

There was considerable variation between individuals in their asymptotic mass in all
years with ranges of 213 – 328 g, 207 – 337 g, and 227 – 366 g, in 2000/01, 2001/02,
and 2002/03, respectively. Mean head growth rate was significantly higher in 2000/01
than in both 2001/02 and 2002/03 (KL; p = 0.001, 0.001 respectively, KA/4; p =
0.002, 0.002 respectively). Mean culmen growth rate was also significantly higher in
2000/01 than in 2001/02 and 2002/03 (KL; p = 0.003, <0.001, KA/4; p = 0.001, and
0.001 respectively). Mean middle toe growth rate was higher in 2000/01 than in
2002/03 (KA/4; p = 0.035). Mean asymptotic size did not vary significantly between
years in any of the growth measures (Table 7.3).

The mean ages at fledging were 90 ± 0.5 days (range 82–102; n = 70) and 90 ± 0.6
days (range 82–99; n = 55) in 2001/01 and 2002/03 respectively. The fledging masses
in 2001/01 and 2002/03 were 175 ± 2 g (range 124–212; n = 70) and 177 ± 3 g (range
131–218; n = 55) respectively.

In both years, chicks that had a relatively high BCI at hatching to also tended to have
a high BCIpm. These trends were not, however, statistically significant (Figure 7.2). In
both years BCIpm had a significant effect on fledging BCI (Figure 7.3) and chicks with
a higher fledging BCI fledged at a younger age (Figure 7.4).
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Figure 7.2 The relationship between hatching body mass and BCIpm; A) 2001/02; r = 0.462, p =
0.112, n = 13; B) 2002/03, r = 0.331, p = 0.195, n = 17).

40

60

A

B
40

Fledging BCI

Fledging BCI

20

0

-20

-40

0

-20

-60
-60

20

-40
-40

-20

0

20

40

60

Peak mass BCI

-60

-40

-20

0

20

40

60

80

100

Peak mass BCI

Figure 7.3 The relationship between BCIpm and fledging BCI of chicks: A) 2001/02; r = 0.534, p
<0.001, n = 70. B) 2002/03; r = 0.324, p = 0.025, n = 48.
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Figure 7.4 The relationship between fledging BCI and fledging age: A) 2001/02; r = -0.508, p
<0.001, n = 70. B) 2002/03; r = -0.500, p = 0.001, n = 48.

There were significant correlations between the body condition of adults and a
number of growth parameters of their chicks in 2001/02. There was a significant
positive relationship between the average condition of a breeding pair during
incubation and the BCIpm of their chick (Figure 7.5). Separate analyses of maternal
and paternal condition showed that the condition of the male, but not the female,
during incubation was significantly correlated with the BCIpm of its chick, the growth
rate of the chick in both g/day and KA/4, and inversely related to the fledging age of
the chick (Figure 7.5).

For chicks with the same parents (i.e. interannual siblings) there were significant
positive relationships between years in several of the growth measures (Figure 7.6).
The BCIpm of chicks showed the highest repeatability between years (r = 0.584, p
<0.001, n = 40) and there was also significant repeatability in culmen KA/4 and
middle toe KA/4. Repeatability in both head KA/4 and tarsus KA/4 showed positive
trends, however these relationships were not significant.
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Figure 7.5 The relationships between parental body condition and growth characteristics of their
chicks in 2001/02. (A, E) Average condition of both parents during incubation; r = 0.332, p =
0.004, n = 71 and r = 0.250, p = 0.05, n = 62, respectively. (B) Average condition of the male
during incubation; r = 0.250, p = 0.036, n = 71. (C, D, F) Condition of the male during its first
incubation shift; r = 0.409, p = 0.009, n = 40, r = 0.458, p = 0.003, n = 40, and r = -0.421, p = 0.009,
n = 40, respectively.
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Figure 7.7 (A) The relationships between the BCIpm of chicks in 2001/02 and the BCI of their
male parent the following breeding season; r = 0.304, p = 0.017, n = 61. (B) The relationship
between male BCI during breeding in 2002/03 and BCIpm of its subsequent chick; r = 0.295, p =
0.032, n = 54.

Correlation analyses between years showed that there were significant positive
relations between the BCI at peak mass of chicks in 2001/02 and the BCI of their
male parent during incubation the following year (Fig 7.7A). In 2002/03 there was
also a significant positive correlation between the BCI of males during incubation and
the BCIpm of their next chick (Figure 7.7B).
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7.3.2 Haemoglobin
Mean chick haemoglobin concentration (Hb) at hatching was 10.9 ± 0.2 g/decilitre
(dl). By week three Hb mean Hb concentrations had decreased significantly to a mean
of 9.9 ± 0.1 g/dl (n = 66, p <0.05). Levels then remained constant until week eight,
but increased significantly between week eight and week ten to 10.52 ± 0.1 g/dl (n =
66, p <0.05). At eleven weeks of age, Hb had increased further to 12.37 ± 0.1 g/dl (n
= 66, p <0.05) and between eleven and thirteen weeks of age, when most chicks
fledged, Hb again increased significantly to a mean of 14.7 ± 0.1 g/dl (10.9 to 16.6, n
= 66, p <0.05). Chicks that did not fledge until 14 weeks of age had Hb values

Hb (g/dl)

ranging from 11.1 to 17.5 g/dl, with a mean of 14.7 ± 0.6 g/dl (Figures 7.8 and 7.9).
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Figure 7.8 Changes in haemoglobin concentration of chicks during development. n = 66 in all
weeks except week 14 where n = 13. Error bars represent ± standard error.
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Figure 7.9 Changes in chick haemoglobin content during development in 2001/02. Repeated
measures of 72 chicks.

20
100

18

A

B
Fledging age (days)

Hb (g/dl)

16

14

12

90

10

8
80

80

90

100

Fledging age (days)

-40

-20

0

20

40

60

Fledging BCI

Figure 7.10 Relationships between age, haemoglobin concentration, and fledging BCI of chicks
that fledged in 2002/03. (A) r = 0.508, p <0.001, n = 48. (B) r = -0.500, p <0.001, n = 48
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Chicks that fledged at an older age had significantly higher haemoglobin
concentrations than those that fledged younger. However, older fledging chicks had a
significantly lower BCI than younger ones (Figure 7.10).

7.4 Discussion
7.4.1 The effects of adult handling
The results of the pilot study in 2000/01 to assess the effect of handling adults before
and during incubation on chick growth showed that there were no significant
differences between any of the growth parameters of chicks that had parents that were
disturbed and handled during incubation and those that had parents that were left
alone. Moreover, the hatching success of the nests monitored in this study (65%) was
actually higher than that found for the colony as a whole (53.6%; Priddel and Carlile
unpublished data). This shows that extensive handling of adults had no influence on
post-hatching attributes of chicks examined in this study. As noted by Warham (1990)
many petrel species will continue breeding despite being handled, however, there are
some species that will abandon if disturbed. The lack of any effect of handling on
chick growth rates shows that disturbance of adults during incubation had no effect on
nest attendance or provisioning behaviour after hatching in this species.
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7.4.2 Growth characteristics
The mean nestling period found here of 90 days is longer than expected for a petrel of
this size. If either body mass of adults or the incubation period is known, the nestling
period of petrels can be predicted from one of the following equations:
y = 22.72x0.229 (where y = the mean nestling period in days and x = mean
body mass in grams) and,
y = 4.29z ± 2.19 – 137 (where y = the mean nestling period and z = the mean
incubation period, both in days (Warham 1990).

The body mass of adults at the pre-breeding stage is approximately 195 g (Chapter 6)
and the incubation period is 49 days (Chapter 2). Therefore, the predicted nestling
period of Gould’s petrels from the above equations would be 76.0 days and 73.2 days
respectively. Both of these values are considerably less than the observed mean
nestling periods of 90 days and less even than the minimum nestling period I
measured, (82 days) in the three years of this study.

The slow growth rate of Gould’ petrels is also shown by the much lower average
logistic growth constant (KL) than is typical of similar-sized Procellariiformes. For
example, the Gould’s petrel KL of 0.08 is only about 60% of the KL of the similarly
sized blue petrel Halobaena caerulea of 0.136. The blue petrel has a nestling period
of only 53 days (Warham 1990), which is approximately 60% of the 90 day Gould’s
petrel nestling period recorded at Cabbage Tree Island.

Cabbage Tree Island is benign in terms of temperature and other weather conditions
and, therefore, chick survival is relatively high. The location of the feeding grounds of
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Gould’s petrels during chick provisioning is not known, but they are suspected to
forage far from Cabbage Tree Island. If so, the slow development of Gould’s petrel
chicks, in an evolutionary perspective, represents a trade-off between breeding in a
thermally benign environment, with low chick mortality, and the need to travel long
distances to acquire food.

The growth curves of Gould’s petrel body mass were typical of Procellariiformes in
showing a peak body mass considerably above that of adult mass and declining
towards fledging (Boersma 1980, Whittow 1994). Skeletal growth patterns of Gould’s
petrels were also typical of Procellariiformes, with the feet and legs growing faster
than other skeletal elements (Cruz and Cruz 1990, Warham 1990). Early growth of
these features probably allows the chick to have some mobility within the nest and
could allow the chick to position itself for receiving food and to avoid predation by
retreating to the back of the nest cavity during daylight hours. Head and culmen grew
more slowly than the legs and feet, but both had reached adult size before fledging.
Although growth curves were not fitted to wing growth data, because they were still
growing when last measurements were taken, the wing size (flattened wing chord) of
most individuals at fledging was slightly below adult size.

There was considerable variation in the peak mass of chicks in all years of this study.
Peak masses ranged from 213 – 328 g, 207 – 337 g, and 227 – 366 g in 2000/01,
2001/02 and 2002/03 respectively. This probably reflects differences in either the
provisioning rates by the parents, the meal sizes delivered to the chicks, the nutritional
quality of the food, the length of time the parents continued to feed their chicks or
combinations of any or all of the above. The BCIpm of chicks correlated significantly

143

with fledging body condition, which, in turn, was inversely related to the age at which
chicks fledged. Both of these factors are likely to affect overall reproductive success.
Firstly, the earlier fledging dates of chicks will allow parents a longer time to recover
before the following breeding season. British storm-petrels, for example, that have
their incubation period experimentally lengthened, have a delayed breeding onset the
following year (Minguez 1998). Secondly, the body condition of chicks at fledging
will influence post-fledging survival as stored reserves are probably necessary for
survival in the first few weeks of gaining foraging skills (Magrath 1991,
Weimerskirch et al. 2000, Weimerskirch and Lys 2000). Also birds that fledge in
better body condition may have a higher chance of survival due to enhanced
immunocompetence. In American kestrels Falco sparvius, for example, the ability of
fledglings to mount an immune response is directly related to their body condition,
which is suggested to explain the increase in survivability of good quality nestlings
(Tella et al. 2000).

BCIpm of chicks may have been influenced by proventriculus contents, however,
removing food from chicks would likely have influenced other growth measurements
as growth rate and fledging mass. Therefore, proventriculus contents was not
removed.

7.4.3 Interannual differences in growth characteristics
The body mass logistic growth constants (KL) of 0.081, 0.072, and 0.090 in 2000/01,
2001/02 and 2002/03, respectively, show that mass growth rates are considerably
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variable between years. There were also differences found between years in skeletal
growth rates.

Differences between years in growth rates may reflect changes in food availability
and/or food quality. In 2000/01, chicks grew relatively fast both in mass and
structurally. In 2002/03, the rate of mass increase was similar to 2000/01 but
structurally chicks grew at rates similar to 2001/02 when mass growth rates were
lower than in 2000/01. These inconsistencies may be due to unreliability of food
supplies. In 2000/01 there may have been a good supply of good quality food, which
was reflected in relatively fast growth rates of both mass and structural elements. In
2001/02 the supply and/or quality of food may have been lower and both mass and
body size increases were accordingly slower. In 2002/03 the rate of mass increase was
again relatively fast, which indicates meal sizes were relatively large. However, this
did not result in an increase in the growth rate of skeletal elements. The quantity of
food may not always be a good indicator of the food quality and, therefore, mass gain
may not reflect skeletal growth (Boersma and Parrish 1998). Therefore, although
there was a good supply of food in 2002/03 it may have been of poorer nutritional
quality than in 2000/01. Further evidence of lower food availability in 2001/02 is
provided from the calculation of meal sizes in Chapter 6, where the estimated meal
sizes in 2002/03 were significantly larger than in 2001/02 (t2,1182 = 7.561, p <0.0001).

7.4.4 Nestling haemoglobin development
Blood haemoglobin (Hb) concentration decreased significantly in the first few weeks
after hatching. Levels then remained relatively constant until about week nine, then
increased sharply to the time of fledging. Measurements of the development of blood
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haemoglobin concentration in most other avian species has shown that Hb content
increases in a more or less constant manner from hatching to fledging (Bech and
Klaassen 1996, Bolton et al. 1999). However, trends similar to those found for
Gould’s petrel chicks have also been found in other Procellariiformes. In short-tailed
shearwaters, for example, haemoglobin levels are relatively constant throughout the
early stages of development, and then increase after asymptotic mass has been
reached (Arnold et al. 1999). Similar trends have been shown for Wilson’s stormpetrels (Kostelecka-Myrcha and Myrcha 1989). This delay in haemoglobin
accumulation has been suggested to reflect the variable nature of food delivery to
developing Procellariiform chicks. As there are limited energy and nutrients available
for the requirements of competing processes—such as fat storage, intensive growth,
and the development of various physiological processes—some of these processes
may need to be staggered in their development (Kostelecka-Myrcha and Myrcha
1989). Arnold et al. (1999) did not identify a decrease in Hb during the initial few
weeks of development, but examination of their Figure 1 suggests that Hb levels may
decrease in the early stages of development in short-tailed shearwaters also.
Kostelecka-Myrcha and Myrcha (1989) noted a post-hatching decline in Hb in
Wilson’s storm-petrels similar to that seen in Gould’s petrels. Although no
explanation was offered for the decrease in the Hb content of Wilson’s storm-petrels
in the early stages of life, it has been suggested that most Hb turnover at this time
represents a change from the embryonic to the adult type of haemoglobin (Bech and
Klaassen 1996).

The rapid increase in Hb content closer to fledging was found in both short-tailed
shearwaters and Wilson’s storm-petrels (Kostelecka-Myrcha and Myrcha 1989,
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Arnold et al. 1999). For a period of several days just prior to fledging, Gould’s petrel
chicks are often found out of their nests flapping their wings vigorously and flying
short distances (personal observation). As Hb content increases in response to an
increase in aerobic activity (Powell 2000, Hazelwood 2001) this increase in exercise
may be partly responsible for increases in Hb content at this time.

Short-tailed shearwaters that are about to fledge have Hb levels that are close to those
of adults (Arnold et al. 1999). The mean Hb content found in Gould’s petrel chicks at
fledging was only 14.7 g/dl, which is significantly lower than the adult levels
recorded at any time during the breeding season (16 g/dl to 18.5 g/dl; Chapter 5). The
relation between fledging Hb levels and first-year survivorship of chicks is not
known.

7.4.5 Fledgling characteristics
Correlation analyses of chick fledging characteristics showed that there are trade-offs
occurring between the age of fledglings, their Hb content, and their body mass.
Chicks that fledge at a younger age were shown to have a lower Hb content than older
fledglings. However, the younger fledglings had a significantly higher fledging BCI.
Although younger chicks that fledge in better condition would have more reserves to
sustain them during their initial time at sea, their lower Hb content may affect their
ability to fly long distances to feeding areas. However, chicks that remain in their nest
longer, and fledge with higher Hb content, are using more of their reserves prior to
fledging. This may limit the time they have to find food after fledging before their
reserves are depleted.

147

7.4.6 Effects of adult condition on chick growth
Gould’s petrel chick growth rates are correlated with the body condition of parents
during incubation. The average condition of both parents throughout incubation, the
average condition of the male parent (but not the female) throughout incubation, and
more specifically, the condition of the male parent during its first incubation shift
were all positively correlated with the BCIpm of chicks. The condition of the males
during their first incubation shift also correlated with chick skeletal growth rate (KA/4
of the head), mass growth rate (g/day), and the age at which their chicks fledged.

The finding that male body condition during incubation appears to be more important
for chick growth than the body condition of the female has been reported for other
Procellariiformes. Studies on the effects of parental condition on provisioning rates
and meal sizes of breeding Antarctic petrels Thalassoica antarctica have also shown
that the condition of the males and the condition of the pair affected chick growth to a
greater extent than female condition alone (Lorensten 1996). The relative contribution
to chick provisioning by each parent is not known for Gould’s petrels. In wandering
albatrosses, however, male parents feed their chick more frequently than do female
parents (Weimerskirch et al. 2000) and male parents provide larger meals to their
chick (Weimerskirch and Lys 2000). That a relationship exists only between male
condition and chick growth in Gould’s petrels suggests that the males of this species
may also be making a proportionally larger contribution to chick provisioning.

Importantly, however, female pre-breeding body condition positively correlates with
egg size (Chapter 5), which positively correlates with hatchling mass and size
(Chapter 3). This suggests that female body condition influences the initial phase of
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chick growth but not later while feeding the chick. Because larger hatchlings had a
tendency to attain a higher BCIpm, however, this suggests that female body condition
is also important for reproductive success.

7.4.7 Interyear repeatability in chick growth
There was significant interyear repeatability in growth characteristics of chicks from
the same parents. The BCIpm of chicks, and the growth rate of culmen and middle toe
were all found to be relatively high in chicks whose parents produced similarly higher
quality and faster growing chicks the previous year. This corresponds to the earlier
finding that some parents were able to attain relatively high levels of body condition
in consecutive years (Chapter 5).

More interestingly, there were significant positive correlations between the condition
of chicks in 2001/02 and the condition of their male parent during incubation the
following year. Moreover, the condition of these male parents and the condition of
their subsequent chick were also positively correlated. This indicates that the effort
required by these parents to produce a high quality chick in 2001/02 (when growth
rates indicate that conditions for breeding may have been relatively poor) neither
compromised their own body condition the following year nor the quality of their next
chick.

Life history theory predicts that there will be trade-offs between the amount of energy
invested in reproduction versus self-maintenance/future reproduction (Stearns 1992).
In black-legged kittiwakes Rissa tridactyla, for example, there is a reduction in body
mass (that cannot be fully explained by adaptive weight loss; (Norberg 1981, Witter
and Cuthill 1993) at the end of the chick rearing period in parents that successfully
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raise a chick in comparison to parents that have their egg removed (Golet and Irons
1999). Furthermore, kittiwake parents that successfully raise chicks are less likely to
survive to the next breeding season than those that do not raise chicks and breeders
that do survive, have a reduction in breeding success compared to the birds that had
their eggs removed the previous year (Golet et al. 1998). This suggests there are
trade-offs occurring between reproduction, self-maintenance, and survival in this
species. A trade-off between reproduction and future survival is also evident in
California gulls Larus californicus. Adults gulls that experienced nest failure due to
flooding, survive in greater numbers to breed in subsequent years than those that
successfully raise chicks (Pugesek and Diem 1990).

Although the allocation of resources to reproduction may result in a proportional
decline in future body condition, the interyear repeatability in parental body condition
in Gould’s petrels found in Chapter 5 is not totally unexpected. In long-lived birds,
such as Procellariiformes, it is unlikely that parents will jeopardise long-term survival
for a single breeding attempt (Huin et al. 2000). Indeed, several studies have shown
that petrels will not compromise their own physical condition for the sake of their
chick (Saether et al. 1993, Tverra et al. 1998, Takahashi et al. 1999). Therefore, if
certain Gould’s petrel parents were consistently allocating resources to selfmaintenance at the expense of their chick, then positive interyear correlations in
parental condition would not be surprising. The results found here, however, suggest
that not only are certain individuals able to maintain higher levels of their own
condition between breeding years, but they are able to repeatedly allocate large
amounts of food to their chicks at the same time.
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The ability to acquire resources varies between individuals in a population and,
therefore, the predicted trade-offs between life history traits are not always evident at
the population level (van Noordwijk and de Jong 1986, Glazier 2000). Where
intaspecific correlations between life history traits are positive, then better performing
individuals have been identified (van Noordwijk and de Jong 1986). The positive
intrayear correlations between parental body condition and chick quality in Gould’s
petrels indicate that there are individuals within this population that are repeatedly
out-performing others, at both maintaining high levels of their own condition as well
as producing higher quality chicks. This suggests that certain individuals are
consistently acquiring more food and are consistently better breeders.

7.5 Conclusions
Extensive and repeated handling of adults during the incubation period had no effect
on chick growth parameters. In comparison to other Procellariiformes the
development rate of Gould’s petrels, as indicated by the unusually long chick rearing
period and logistic growth constant, was slow even for petrels. There were no
differences found between sexes in any growth parameters measured, which indicates
the costs involved in raising either sex are probably similar. There was, however,
considerable variation between years in development rates, which may be indicative
of the variable nature of food quality and availability in the marine environment.

The rapid increase in blood haemoglobin content after chicks had reached peak mass
was similar to the pattern shown in other Procellariiformes. Post-fledging survival is
likely to be related to fledgling condition and, therefore, the trade-offs between
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fledging characteristics, such as age, mass, and Hb content could have consequences
for post-fledging breeding success.

Probably the most interesting findings of this part of the study were 1) the positive
relationships between parental condition and chick growth characteristics; and 2) the
identification of parents that repeatedly produce high quality chicks, with no apparent
compromise to their own well being. These positive correlations between life history
traits indicate that these individuals are consistently acquiring more resources that can
be allocated to reproduction. Differences between individuals in their ability to
acquire food may be age-related, however, these differences may simply be due to
there being good versus poor feeders in the population. These relationships indicate
that parental condition has an important influence on reproductive success and that
parents that consistently attain good body condition also consistently produce good
quality chicks. Differences in parental body condition, therefore, may be a good
indicator of the variation between individuals in their reproductive success.
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Chapter 8 Summary of major findings and directions for future
research

The main aims of this study were to identify Gould’s petrels Pterodroma leucoptera
that are better reproductive performers and identify traits of these individuals that lead
to higher breeding success. The major findings of each chapter are outlined below.

The ability to accurately determine the sex of Gould’s petrels was an important
component of this study. Gould’s petrels exhibit no sex-linked plumage dimorphism
and, therefore, identification of the sex of birds in the field is difficult. However,
knowledge of the sex of both the breeding birds as well as the sex of the chicks was
essential to answer many of the questions posed in this study. Two polymerase chain
reaction (PCR) based molecular sexing techniques and a discriminant function
analysis based on several external morphometrics were assessed for their utility in
sexing Gould’s petrels. Of the molecular methods it was found that only the method
described by Griffiths et al. (1996) allowed easy identification of Gould’s petrels. The
discriminant analysis predicted the sex of adults with an accuracy of about 85% and
chicks at fledging age with an accuracy of 66%. As blood samples are relatively easy
to obtain from birds of all ages, and because of the limited predictive power of the
discriminant analysis, the PCR based technique appears to be the most useful method
for sexing Gould’s petrels.

There was considerable intraspecific variation in the egg-laying characteristics of
Gould’s petrels. Laying dates were spread over a period of at least four weeks, the
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smallest eggs were only 74% of the largest, and the shortest incubation period was 20
days shorter than the longest. Despite the large amount of intraspecific variation,
individuals showed significant repeatability between years in both laying date and egg
volume. However, neither of these factors had any significant influence on hatching
success. There was a relationship between female pre-breeding body condition and
egg volume, and egg volume significantly influenced both the mass and size of
hatchlings. Larger eggs contain relatively more energy in Procellariiformes (Meathrel
et al. 1993b) and, therefore, chicks from larger eggs may have more energy reserves
at hatching. The feeding schedules of Procellariiformes often vary due to the
unpredictable nature of the marine environment and, therefore, hatchlings with more
energy stores may be better able to survive their first stages of life if their parents are
delayed in providing their initial meals. The composition of eggs was not analysed in
this study, however, an analysis of the egg composition in relation to size could help
determine if females in better body condition are investing more energy and nutrients
into their eggs.

The pattern of prolactin secretion in Gould’s petrels was similar to other
Procellariiformes studied (Hector et al. 1985, Hector and Goldsmith 1985, Hector et
al. 1986). Prolactin levels were low in both males and females at the pre-laying stage
and then increased in both sexes by the time of egg laying. Male prolactin levels then
remained high during the first incubation shift and were high in females at the
beginning of their first incubation shift, up to three weeks later. At the beginning of
the male’s second incubation shift, a further two to three weeks later, their prolactin
levels were also elevated. Male testosterone levels peaked during the mating/nesting
period and then decreased after the onset of incubation. This pattern is typical of a
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species such as Gould’s petrel, which is monogamous, has bi-parental care of young,
which forms long-term pair bonds, and has low male-male competition (Wingfield et
al. 1990). Breeding pairs that successfully hatched an egg had significantly higher
prolactin levels during incubation than those whose eggs failed. As prolactin is
associated with incubation behaviour, those with lower levels of prolactin may have
been less inclined to incubate their eggs for the long period that their mate is absent
from the nest. This may be especially important if the body condition of the
incubating bird is at a low level.

The mean body mass of Gould’s petrels fluctuated considerably during the breeding
period and there was also considerable intraspecific variation in body mass. There
was no significant difference between the body condition of birds that successfully
hatched their egg and those that didn’t. However, the condition of the females at the
pre-laying stage had a significant effect on egg volumes. There was significant
repeatability in the body condition index of individuals both within and between
years. Females that were in relatively good condition at the pre-laying stage were also
in good condition for their first incubation shift and males that were in relatively good
condition during their first incubation shift were also in good condition for their
second shift. Moreover, pairs that were in good condition during incubation in the
first year of this study were also in good condition during incubation in the second
year.

There was a significant difference found between years in estimated meal sizes, which
is probably indicative of variable food availability in the marine environment. Despite
this, there were no differences between years in feeding frequencies, which may
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indicate that the rate at which parents feed their chick is governed by an intrinsic
rhythm (Hamer and Hill 1993, Hamer 1994). Parents who fed their chicks less
frequently provided larger meals per visit than those that fed their chicks more often.
However, parents that fed chicks more often were providing more food per day spent
foraging than those that were undertaking longer foraging trips. Moreover, in 2001/02
it was found that parents that were in better condition during incubation were those
that were more effective foragers.

The average nestling period was approximately 90 days, which is long even in
comparison to other Procellariiformes of similar size. Slow chick development in this
species was also indicated by the estimated logistic growth constant for mass of
approximately 0.08. Chick growth parameters varied considerably between years,
which may reflect changes in both food availability and food quality. There was also
considerable intraspecific variation in chick growth rates, peak body mass, and the
fledging body mass of chicks. The patterns of chick haemoglobin development were
atypical of birds in general but typical of other Procellariiformes studied (KosteleckaMyrcha and Myrcha 1989, Arnold et al. 1999). After an initial decline in blood
haemoglobin content in the first days after hatching, levels remained relatively
constant until after chicks had completed the most intensive period of growth. Hb
levels then increased leading up to fledging. The condition of breeding pairs during
incubation, and particularly the male parent, had a significant influence on chick
growth. The growth rate of chicks (g/day), the peak mass of chicks (g), and the age at
which chicks fledged were all influenced by parental condition during incubation.
Parents that produced a high quality chick in 2001/02 were in better condition during
incubation in 2002/03 than those that produced a poor quality chick. More
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importantly, these parents went on to produce a high quality chick in 2002/03. This
suggests that these individuals are better reproductive performers. Life history theory
predicts that there will be trade-offs between investment in current reproduction
versus future reproduction, and parental condition versus offspring condition (Stearns
1992). However, the positive correlations found between these traits suggest that good
quality individuals are able to produce high quality chicks without compromising
either future body condition or future reproductive success.

The age of the birds studied here was not known, however, the age and experience of
breeding birds is potentially an important factor in reproductive success. Recent
research into aging has suggested a potential technique for estimating the age of birds
from the rate of change in the length of telomere restriction fragments from blood
cells (Vleck et al. 2003). The rate of change in telomere length varies between
species, however, and in Leach’s storm-petrels telomere length actually increases with
age (Haussmann et al. 2003). Therefore, there is a need for calibration from known
aged birds. Blood samples have already been collected from all the birds used in this
study and the determination of the age of these birds would add greatly to the
interpretation of the results.

Also, although Gould’s petrels are socially monogamous, studies of other socially
monogamous species have found that considerable extra-pair paternity (EPP) occurs.
The level of EPP varies in Procellariiform species, ranging from 0 to 13% (Mauck et
al. 1995, Austin and Parkin 1996, Huyvaert et al. 2000, Quillfeldt et al. 2001). An
analysis of paternity using the blood samples already collected could determine the
level of extra-pair paternity within this population.
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The endocrine patterns of birds after the incubation period were not studied
extensively. However, it would be of interest to know whether high levels of prolactin
are maintained during the chick provisioning stage when contact with the nest is
limited. If birds caught immediately on their return to feed had high prolactin levels,
this would provide further evidence of an endogenously controlled mechanism of
prolactin secretion, rather than a response to tactile stimuli. Also, due to the
association between prolactin and breeding behaviour, it would also be of interest to
know if individuals that are provisioning their chick at a faster rate also have higher
prolactin during this time.

There were significant differences between years in meal sizes, which possibly reflect
changes in food availability within the foraging range of Gould’s petrels. Changes in
food availability might be due to natural variation, however, they might also be due to
human influences such as fishing within these areas. Precisely where Gould’s petrels
go to forage is unknown and, therefore, potential effects of fishing in these areas has
not been assessed. Knowledge of the feeding locations of Gould’s petrels would,
therefore, be valuable for future management. Although Gould’s petrels are too small
to carry satellite transmitters, there is alternative technology available that could be
used to determine the foraging locations of this species. Lightweight data loggers that
record light intensity and contain an accurate internal clock can be used to determine
the local time of sunrise and sunset. Day length can then be used to determine latitude
and the local time of noon can be used to determine longitude. After retrieving the
logger and downloading the data the position of the bird during its absence can be
determined. Loggers of this type have been used successfully to determine the
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position of wandering albatrosses Diomedea exulans (Weimerskirch and Wilson
2000). Although non-linear movements of birds and shading of light-sensors by
feathers can cause errors, the position of seabirds can be determined to within 186 ±
114 km using these tags (Phillips et al. 2004).

Finally, chick quality was used in this study as an indicator of breeding success.
However, the fate of fledglings after they leave Cabbage Tree Island is unknown. A
better measure of breeding success would be to monitor the level of recruitment of
chicks back into the breeding population. All chicks monitored in this study have been
banded and, if they survive to breeding age, they are likely to return to Cabbage Tree
Island to breed. Future monitoring of the breeding population could result in the
recovery of some of these chicks. If the chicks that were judged in this study to be of
higher quality are more likely to return to breed than those judged to be of poorer
quality, then some of the assumptions made in regards to parental quality, chick
quality, and breeding success could be confirmed.
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